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ABSTRACT
The nutritive value of two UK wheat varieties. Dean and Beaver, from three 
different harvest years was assessed. A series of laboratory analysis and animal feeding 
experiments were conducted to examine the relationship between chemical 
composition, grain quality, and starch digestibility characteristics and the productive 
performance of broiler chickens fed wheat-based diets.
Differences were observed in the protein content, Hagberg falling number, 
hardness, particle size and specific gravity between the wheat varieties. Investigations 
into the nature of the carbohydrate in each sample revealed significant varietal 
differences in the amount of free glucose and the ratio of amylose to amylopectin in the 
endosperm. These results indicated that grains from the variety Dean had a harder 
endosperm texture, contained more starch packed into larger granules that were 
composed of proportionally less amylose, and had a lower a-amylase activity than 
Beaver.
Feeding experiments using 7-21 day old broiler chickens confirmed varietal 
differences in broiler growth characteristics and feeding efficiency that were consistent 
over harvest years. These differences were not related to the apparent or true 
metabolisable energy values obtained for the experimental diets or the chemical 
composition of the wheat samples. A significant relationship between feed conversion 
. atio and Hagberg aing number and between weight gain and specific gravity o f the 
wheat was attributed to improved starch solublisation and the level of starch filling in 
the grain respectively, and suggested that the nature o f the starch may have influenced 
the growth of the broiler. A relationship between the free glucose content of the wheat 
and broiler weight gain and feed intake was deemed to be a reflection of varietal 
differences in Hagberg falling number, and too small a difference to exert an influence 
on broiler performance.
Significant differences in broiler growth due to wheat variety were found in 
broilers aged from 7-49 days old, confirming that varietal differences in broiler 
performance occur throughout a typical commercial growing period. Investigations 
revealed no significant relationship between digesta viscosity and FCR. The 
digestibility o f the wheat samples was examined in vivo, but was o f little value as a 
measure of digestion differences due to high variation in results between individual 
animals. Large variety differences were ol^erved, however, using an in vitro method 
that simulated the digestive processes of monogastric animals. These differences were 
strongly related to the weight gain, feed intake and FCR of the 7-21 day old broilers 
when the rate o f digestion was less than 34 mg/min/lOOg, although after this point the 
relationship was random. Multiple regression analysis revealed that only the true 
metabolisable energy value significantly improved the linear relationship between the 
rate o f starch digestion and broiler weight gain.
The relationship between rate of starch digestion and broiler growth was tested 
as a possible predictive method of wheat nutritional quality using six variety samples 
harvested in 1994, fed in pellet or meal form, to 7-21 day old broiler chickens. 
Significant performance differences between the varieties and diet forms were 
observed, but there were no significant relationships between performance and rate. 
The in vitro rate of starch digestion method could not therefore be verified as an 
accurate predictor of nutritive value of wheat for poultry.
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1. INTRODUCTION
1.1. GENERAL INTRODUCTION
Milled wheat is the most commonly used cereal for broiler diets in 
the UK. Wheat typically contains between 60 and 70% starch and is fed 
to broiler chickens primarily as a low-cost source of readily digestible 
energy. It contains low levels of anti-nutritional compounds, compared to 
other cereals, enabling inclusion in broiler rations as a large proportion of 
the fbrmuLrion, while still maintaining com n/’cially acceptable -evels of 
broiler growth and feeding efficiency (Graham, 1995). Protein content is 
high in wheat (Petterson, 1988) in comparison to other commonly-fed 
cereals such as barley, but it has a poor amino acid profile with respect to 
broiler requirements, with inherent deficiencies in methionine and lysine. 
Wheat protein is of secondary consideration to starch content and 
availabihty since broiler diets can be supplemented with other cheaper and 
more digestible protein sources such as soyabean meal in order to meet the 
nutritional needs of fast growing broiler chickens. Typically, milled whole 
wheat provides 55% of the metabolisable energy and 35% of the protein 
requirement in complete diets formulated for broilers.
More than 450 million broiler chickens are produced in the UK 
alone each year (MAFF, 1995). As British poultry diets can contain 
between 40 and 70% wheat, the nutritional value and variations in quality 
of feed wheat are very important commercially.
Variation in the chemical composition (Graham, 1995) and broiler 
performance (March & Biely, 1973; Rose et al, 1992) have been reported 
for different wheat samples. It has been suggested that the nutritional 
value of wheat is genotypically determined, and that broiler performance 
may be related to the variety used in tue ration. Broiler performance 
variation may be a function of the structure and composition of the grain, 
or of interactions between these factors and the digestive chemistry and 
physiology of the bird. Previous investigations have yet to fully determine 
the relationship between measurable characteristics of wheat and the 
feeding efficiency of broiler chickens.
'■-K-
The general objective of this project was to examine the nutritional 
and chemical characteristics of the two wheat varieties. Dean and Beaver, 
that had previously been shown to give different weight gains when fed to 
growing broiler chickens (Rose et a l,  1993). Specific project objectives 
are listed at the end of the literature review (Chapter 1).
1.2. THE WHEAT GRAIN AS A FEED FOR POULTRY
1.2.1. Cereal Grain Structure
A grain of wheat can be divided into three basic units, the seed coat 
(bran layer), the germ or embryo and the endosperm, which contains the 
food reserves for the embtyo. A mature, whole grain of wheat comprises 
13% bran layer, 2% embryo and 85% endosperm.
Information that has no specific reference in the text has been 
derived from one of the following sources: Physiology & Biochemistry of 
Seeds (Bewley & Black, 1978); Biological Functions of Carbohydrates 
(Candy, 1980); Biochemistry of Seed Storage Carbohydrates in Green 
Plants (Dey & Dixon, 1985); Seed Biology (Kozlowski, 1972) or Seed 
Storage Compounds (Shewry & Stobart, 1993).
-
A generalised diagram of the structure of a whole wheat grain and a 
cross section through the grain layers are given in Figures 1.1 and 1.2 
respectively.
(i) Seed coat
The seed coat, or bran layer, of wheat is formed from structural 
carbohydrates and constitutes the majority of the crude fibre of the grain. 
It is composed of cellulose, hgnin and non-starch polysaccharides (NSP), 
and is formed from the fusion of the pericarp and testa. The pericarp is a 
layer of cellulose impregnated with minerals, and forms the tough outer 
layer of the seed coat. The inner layer is formed from the testa, and gives 
the seed its colour. To maintain the viability of the ungerminated embryo 
through dormant periods the seed coat possesses a degree of water and gas 
permeability. It therefore able to perform a regulatory fimction, 
influencing both the development and metabohsm of the seed.
(ii) Aleurone layer
^  During seed maturation the peripheral cells of the endosperm 
multiply to form small rectangular cells in one or two layers. The walls of 
these cells then thicken and produce protein bodies. These layers of cells 
form the aleurone layer, and the protein bodies the aleurone grains. The 
aleurone layer contains less cellulose than either the pericarp or the testa, 
but the protein bodies within it are of considerable nutritive value to
animals, though are often lost tlirough removal of the bran (and with it the 
aleurone layer) by dehulling processes. The aleurone cells remain viable - 
unlike the inner endosperm cells which die, and then become packed with 
starch and protein - and thus play an important role in the breakdown of 
starch upon wheat germination. The aleurone layer is the storage area for 
the inactive a-amylase enzyme which is responsible for the digestion of 
stored endosperm starch into glucose to supply energy to the germinating 
embryo (Stevens etal ,  1988).
The protein bodes (‘aleurone grains') are well-defmed structures 
within the aleurone layer, and associated with these aleurone grains is a 
chemical called phytin. A potassium, magnesium and calcium salt of 
myoinositol hexaphosphoric acid, phytin is found as a separate structure 
within the aleurone grains. It acts as a major store of phosphate and 
macronutrient mineral elements within the cereal grain.
Oil bodies surround the aleurone grains and are also found as a 
narrow layer inside the plasmalemma; oil bodies form the triglyceride 
reserves in the grain (i.e. fat content). The size of these sub-cellular
FIGURE 1.1. WHEAT GRAIN STRUCTURE.
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organelles is dependent upon species and can vary between 0.2-0.6 pm in 
diameter.
(iii) Endosperm
The endosperm (i.e. that which does not form the aleurone layer at 
maturity) is the starch rich part of the grain that supplies the germinating 
embryo with protein and energy for growth. Wheat grains can contain up 
to 60-85% endosperm by weight, thereby forming the largest portion of the 
grain.
The honeycomb structure of tlie endosperm is formed from the cell 
walls of the dead parenchymous core cells, with the polysaccharides P- 
glucan and arabinoxylan contributing to the structural matrix. Organelles 
called amyloplasts, present in the cells of the developing seed, generate the
ir-
starch granules that are then packed into the cavities of the endosperm.
The storage proteins in the endosperm are closely associated with 
the stai'ch granules. The main storage protein is gluten, a substance which 
is made up of the smaller protein units (prolamins) ghadin and glutelin. As
8
the grain matures the accumulating starch granules disrupt and disperse the 
proteins, the protein forming a matrix around the starch granules in the 
mature grain.
The differerit types of protein that are present within the wheat grain 
can be assessed using amino acid analysis. There are differences in tlie 
amino acid content of the endosperm and the aleurone layer, with the 
endosperm containing less arginine than tlie aleurone layer.
(iv) Embryo
The majority of the protein within the cereal grain is contained in the 
embryo - the embryo comprises 1.5% of the grain weight - whilst the 
scutellum membrane contains 59% of the total thiamine content of the 
grain. The embryo also contains a limited amount of food reserves m the 
form of ohgosaccharides, 20% of which consists, in a defatted wheat 
embryo, of sucrose (11.7%) and raffinose (8.3%) sugars.
1.2.2. Cereal Grain Composition
The structures that constitute a wheat grain are composed from 
building blocks of different classes of molecules, these classes being, in 
broad terms, carbohydrate, protein and fat. A grain of wheat contains 
approximately 13% water, 10% protein, 2% fat, 68% carbohydrate and 
5.7% cellulose.
(i) Carbohydrate
Carbofr'drates perform both structural and storage functions. The 
majority of carbohydrate found in wheat is in the form of starch, the main 
function of which is energy storage. JTlie other carbohydrates mainly 
perform structural roles in the endosperm matrix or testa and aleurone 
layers. Cellulose, although an important component of entire plants, is 
mainly present in the outer testa of the grain and has not been the subject 
of investigation in this study, and so the following section will concentrate 
on the major grain polysaccharides; starch and NSPs.
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Starch comprises 64-74% of the endosperm in wheat grains. It 
forms a readily available energy source. The starch is contained in the 
wheat grains as granule structures and is formed from two polysaccharide 
molecules, amylose and amylopectin. A highly detailed review of the 
biochemistry of cereal starch has been published by Kainuma (1988), 
from which most of the following is derived.
(a) Amylose and amylopectin
The two carbohydrate molecules that make up wheat starch are both 
composed of glucose units. However they have different structural 
features. Amylose is a linear molecule comprised of glucose units joined 
together by a - 1-4 glucosidic linkages (figure 1.3). It has a molecular 
weight of 14 X 10^  g/mol. Amylopectin is also made up of glucose units, 
but is branched instead of linear. The main structure is formed by a - 1-4 
linkages, but has a-1-6 branched linkages every 20-25 units (see figure 
1.4). It has an approximate molecular weight of 4 x 10  ^ g/mol and is 
therefore much heavier than amylose. The proportions of each of the two 
polymers in the starch
11
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varies between cultivais and growing years, and is related to the type and 
numbers of starch granules in the endosperm (Bewley and Black, 1978).
(b) Starch granules
The number of starch granules in the endosperm is related to final 
grain weight (Chojecki gf a i,  1986), making the number and size of the 
starch granules a determinant of the capacity of endosperm to accumulate 
starch, and thence the final calorific value of the grain.
A mature wheat grain contains starch granules that are usually 
classified into two size categories, A and B (large and small). More 
recently, however, this has been expanded to three categories. A, B and C 
(large, medium and small), for more clarity (Bechtel et al., 1990). The 
grovyth and development of starch granules has been well documented
ts* '
over the last few years, and an in-depth review of the subject has recently 
been pubhshed by Morell et al (1995). Endospermic structures called 
amyloplasts synthesise starch granules. Type A granules are synthesised 
first, at about 4 days after the wheat plant flowers, and continue to grow 
until at least 19 days after flowering to a maximum size of between 25 and 
50 pm in diameter. Smaller type B granule growth is initiated at about 10
13
days after flowering and continues for a further 18 days until an average 
size of 9 pm is reached at approximately 35 days after flowering. In the 
first 10 days of type B granule growth, development is slow due to the 
simultaneous accelerated growth (and corresponding increase in raw 
material demand) of type A granules. At 21 days after flowering type C 
granules begin to develop. Tliese are the smallest of all the starch 
granules, and only develop to a maximum diameter of 5.3 pm. In the 
mature grain, type A granules form, on average, 51.6%, type B 45% and 
type C 3.4% of the total mass of starch (Bechtel et al, 1990).
In research comparing two wheat varieties, Chojecki and his co­
workers (1986) found that certain chromosomes are responsible for grain 
weight and the types of starch granule present within the endosperm and 
therefore that this characteristic can be genetically selected. ‘Soft’ biscuit 
and feed type genotypes of wheat tend to have larger proportions of small 
B and C granules than the ‘hard’ milling varieties (Bechtel et ai, 1993).
The shape of starch granules is dependent upon the amount of 
amylose present. Granules with proportionally larger amounts of amylose 
compared to amylopectin in the starch result in a more rounded shape
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whereas those containing more amylopectin than amylose are more 
flattened (Morell et a i,  1995). Most commonly, starch granules contain 
approximately equal quantities of both polysaccharides, which results in 
lens-shaped granules. Smaller granules tend to have higher levels of 
amylose and are therefore often rounder than type A granules (Bewley and 
Black, 1978).
(c) Influence of a-amylase activity
Each cereal grain has its own enzymes that are responsible for the 
hydrolysis of endospermic starch, releasing energy for growth of the 
developing embryo when sprouting begins (Stevens et al, 1988). a - 
amylase in the aleurone layer performs this role in wheat (see section
1.2.1.) and has the same hydrolytic activity and cleavage sites as 
pancreatic enzymes found in animals, whereby it digests starch molecules 
by splitting the a-1, 4 glycosidic bonds to form short chain 
oligosaccharides and limit dextrins. Plant p-amylase then further reduces 
these digestion products to their glucose subunits (Gruppen, 1996). When 
germination begins, due, for example, to cultivation or exposure to 
moisture in poor storage conditions, the resulting a-amylase activity and
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subsequent starch digestion will reduce tlie quantity of available starch 
within the grain and the embryo will develop.
Milling wheats with hard endosperm textures have lower a-amylase 
activity than soft wheats, making this a genetically determined property of 
cereals. The a-amylase content of wheat is widely used as a quahty 
measurement, and is determined by the Hagberg falling number method. 
The Hagberg falling number (HFN) is calculated using a method first 
devised in the early 1960s by Sven Hagberg (Hagberg, 1960, 1961). 
Wheat flour is mixed with water and gelatinised by heating. A plunger is 
then allowed to drop, under the force of gravity, through the mixture; the 
time (in seconds) taken by the plunger to pass through the mixture is 
recorded. This is the Hagberg ‘falling number’.
High a-amylase activity within the mixture causes hquefaction of 
the starch, and thus lowers the Hagberg falling number (Perten, 1964; Best 
& Muller, 1991). High quality bread wheats with hard endosperm and low 
a-amylase activity have high HFN’s and soft wheats with high a-amylase 
activity have low HFN’s.
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(d) Non-starch polysaccharides
The other important group of carbohydrates present in wheat are the 
NSPs, which perform a structural role and account for approximately 10% 
of the whole grain. The majority of these compounds are found in the bran 
layer (Theander et a i,  1993). This group of polysaccharides is mostly 
composed of the mixed-linked p-glucans and arabinoxylans, which are 
apportioned to different areas of the grain due to their functional roles. 
The proportions of arabinoxylans and p-glucans present within grain is 
dependent upon the species of grain. For example, barley and rye contain 
both, whereas oats mainly contain p-glucan. In comparison with these 
cereals wheat contains relatively small amounts of NSP due to its low P- 
glucan content, as can be seen in the comparison between the barley and 
wheat NSP content is shown in table 1.1 below.
Most NSP in the whole wheat grain is in the form of insoluble 
arabinoxylan (55 g/kg) (Englyst et a i ,  1989).
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The total arabinoxylan content (soluble and insoluble) of cereal bran is 
generally between 200-400 g/kg of dry matter. Tliey perform a major 
structural role and a minor carbohydrate storage role in wheat grains. The 
majority of arabinoxylans are present in the outermost part of the seed coat 
and are bound to lignin to give structural strength. They are foimd in smaller 
amounts in the endosperm and aleurone layers, where they form the main 
structural cell wall polymer.
Arabinoxylans are not homologous molecules and may show different 
levels of molecular branching and substitution. In a comparison between 
wheat and rye Theander et al. (1993) found that wheat flour had 25% of the 
soluble arabinoxylans content of rye, with a greater proportion being 
unsubstituted xylose subunits, but the same amount of di-substituted xylose 
units. These differences affect the physical and functional properties of the 
polymers, and will determine where they are employed in the grain and how 
they interact with other compounds.
19
P-glucans are structural and storage polysaccharides that are similar to 
cellulose, containing 1-3 and 1-4 linkages. They are formed from two units 
that differ in the number of 1 -4 linkages between each 1 -3 linkage (Theander 
et a i ,  1993). P-glucans act as a minor energy reserve as well as forming up 
to 10% (compared to 85% arabinoxylans) of the polysaccharide component 
of the endosperm, where they are layered onto the cell walls. This prevents 
cracking during dehydration and dormancy of the mature grain, and therefore 
contributes to drought defences in the seed. This is in contrast to the aleurone 
layer which contains up to 98% P-glucans where these carbohydrates are 
concentrated upon the inner layer, and they also form a large component of 
the bran layer of wheat (Dixon, 1985).
(ii) Starch / protein matrix
The starch/protein matrix of the endosperm imparts the ‘hardness’ 
characteristic to cereals. Hardness is a measurement that is used as a guide 
for milling quahty of each batch of wheat, whereby hard wheats tend to mill 
better than soft wheats. Hard wheats shatter when milled, giving fine flours 
with regular particle sizes and large surface areas which are desirable to the
2 0
baking industry. Soft wheats tend to get squashed flat in the mill, wliich gives 
poor, irregular flours with low available surface areas (Vincent et ai, 1995; 
Albertini, 1995).
Recent research into the endosperm anatomy of wheat showed 
differences between the starch/protein matrices of hard and soft wheats 
(Brennan et a i ,  1993). The actual relationship and interaction between starch 
and protein is, as yet, unclear and currently there are conflicting reports on 
the relationship between hardness and starch granule size and number (Pitts et 
al., 1989; Glenn a!., 1992), although there are some properties which may 
be useful in predicting grain quahty. Scanning electron microscopy has 
revealed that there is an association between the starch/protein matrix of the 
endosperm and endosperm texture. A protein called fiiabilin has been found 
to be associated with both internal and external structures of starch granules 
and thought to be involved in starch formation (Sulaiman et ai, 1993). This 
protein could be used to identify whether or not a wheat sample has a regular 
and even endosperm texture. Hard wheats show a highly regular, strong 
matrix between starch and protein, but the opposite is found in soft wheats 
(Sulaiman et al, 1993). This would further support the theory that the
21
regularity of the matrix may be responsible for the ‘shattering’ of hard wheats 
during milling, as the protein part of the matrix would provide a plane for 
fractures to develop along (Vincent et al., 1995), A certain fraction of 
friabilin knovm as “grain softness protein” associates more strongly with soft 
wheat starch granules (Jolley et al., 1993), and could possibly be used as an 
indicator of relative hardness. Interactions between tlie granules and the 
surrounding protein may have some influence over the size and shape of the 
mature granule (Bechtel et a l,  1993), which could determine granule ratios 
(A:B:C).
a*
2 2
1.2.3. Variation In Wheat Grain Composition
The composition of modem wheat cultivais can vary quite widely. For 
example, the amount of starch can fluctuate between 600 and 730 g/kg dry 
matter (Graham, 1995). Similarly the crude protein content range, on a dry 
matter basis, has been reported as varying between 80 and 140 g/kg 
(McDonald et a l,  1981) and between 97 and 170 g/kg (Graham, 1995). One 
of the earliest references to wheat variabihty was in 1949, when 
Schollenberger and Curtis reported differences in the chemical composition of 
a number of Canadian wheat samples. Tliey found large diiiciences m lUOo 
grain weight and cmde protein, the latter also linked to variation in starch and 
sugar content. There were small differences between the wheat varieties; 
larger differences were observed between harvest years and growing sites. 
An example of the reported variabihty of the constituents of wheat of 
European wheat samples is given in table 1.2.
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(i) Variety
The proportions of starch and gluten vary between wheat cultivars, 
gluten content being important in bread quality wheats, and has been heavily 
genetically selected in plant breeding. The structure and content of the starch 
grains are very important to the energy value and availability of the wheat. 
The protein contained in the embryo also varies between cultivars. Genetic 
manipulation of wheat can increase its protein content, which may prove 
useful as a source of protein in animal feed in the future (Wiseman et al., 
1993). (S giucan content has also been desci jed as variety-dep :ndant (Stone 
& Clarke, 1992), with some cultivars containing more than others. This may 
be due to differences in genetic selection for drought resistance amongst 
certain varieties of wheat
(ii) Environmental effects
The structure and development of the wheat plant and its grain is 
obviously greatly influenced by the climatic conditions under which it is 
growing. There are environmental influences on the deposition and amounts
25
of starch laid down in wheat grains, whereby the synthesis of amylose has 
been shown to be reduced by high temperatures and drouglit conditions 
(Jenner et al, 1991). Drought limits photosynthetic activity and production 
of carbohydrate subunits, which restricts the production of raw materials 
available for manufacture of starch within the endospenn. Soluble 
carbohydrates may be mobihsed from the stem under such conditions to meet 
the shortfall, but in prolonged drought conditions the result is a decrease in 
the number of B granules, and the size of A granules, in the endosperm. 
Drought, and temperature above 30°C after flowering, may cause early 
cessation of starch deposition. Howeve. drought immedia: before harvest
often results in an increase in starch content due to increases in deposition 
during the ‘filling out’ of the grain at the end of its development (Wiseman, 
1990).
NSP level in cereals varies between harvest years (Saastamoinen et a l,  
1989). Cold years have resulted in increased precipitation of arabinoxylans 
and hence an increase in the percentage of bran per grain (due to the smaller 
grain produced). Saastamoinen et al, (1989) determined that this increase 
was linked to a decrease in HFN in rye grain, thought this effect has yet to be
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verified in wheat. The opposite effect is found in the case of p-glucans. 
Large grains contain more p-glucan, and do not appear to be affected by 
climate. Data indicating differences in P-glucan content between harvest 
years and growing sites was reported by Stone and Clarke (1992), who found 
that although temperature did not have an effect on the deposition of p- 
glucan, soil water content did. Dry conditions and low soil water levels 
during ripening were reported to increase p-glucan levels. Rainfall reduced 
p-glucan levels and correspondingly reduced flour viscosity (a characteristic 
of high p-glucan levels).
In summary, cereal arabinoxylan content appears to be more affected 
by environmental factors than p-glucans. In poor growing years the 
arabinoxylan content increases and the Hagberg falling number decreases, 
due to increased a-amylase activity, p-glucan content shows a positive 
correlation with yield due to environmental factors.
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(iii) Agronomic influences
The husbandry and management of cereals during growth and 
harvesting will influence the quahty and composition of the grain. Wheat 
sown late in the season has been found to have higher p-glucan levels, which 
may be due to ripeness. Such differences between wheat samples harvested 
at different times was reported for experiments conducted by Stone & Clarke 
in 1992. They reported that wheats harvested when still “yellow” had a 
higher p-glucan content than those harvested when fully ripe. The viscous 
properties of wheat flour appears to change with respect to maturation, a 
change probably linked to the final grain filling and starch deposition.
The timing of fertiliser application is also thought to affect the milling 
character of wheat grain. Nitrogen application and availability alters the 
deposition of the endosperm starch-protein matrix, affecting the hardness and 
texture of the grain (HGCA, 1993). Too little nitrogen, or nitrogen applied 
too late on a crop, will result in poor matrix structure and poorer endosperm 
strength.
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1.3. THE DIGESTIVE PHYSIOLOGY OF THE CHICKEN
Descriptions of feeding control and digestive processes are available in 
a great many textbooks, and where there is no reference in the following text, 
tlie information source was either Farmer (1960), McLelland (1979), Hill 
(1983), Sykes (1983), McDonald, Edwards and Greenlialgh (1988) or Larbier 
and Leclerq (1994).
The different components (protein, fat, starch) that make up the diets 
fed to commercial poultry are digested in different areas of the gut by specific 
enzymes and under specific conditions. The process of digestion is initiated 
with the ingestion of the feed through the mouth, and ceases with the 
excretion of undigested material through the cloaca.
1.3.1 Mouth
ÆP* ■
The process of digestion starts as soon as the animal begins eating, 
with the feed taken into the mouth being immediately covered in sahva fi-om 
the salivary glands. Saliva contains mucus, a-amylase and bicarbonate; the
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mucus softens and moistens the feed wliilst the bicarbonate ions buffer this 
mixture at a neutral pH. This facilitates the activity of the salivary a-amylase, 
which begins the hydrolysis of starch into glucose subunits. The food is then 
transferred by peristaltic movement to the crop.
1.3.2. Crop
The crop acts as a reservoir, regulating transit through release of 
controlled amounts of digesta into the proventriculus for digestion. It is 
distension of the full crop m ggeis neural pathways, signalling satiety to 
the bird and thereby regulating feed intake. The crop contains a microbial 
population made up of Lactobacilli species which produce exogenous a - 
amylase to break down starch in conjunction with the salivary a-amylase 
(Champ et a l ,  1983). However, only starch that has been made available by 
feed processing will be digested in this part of the gut.
The a-amylase acts by hydrolysing the a-l,4-glucau bonds present in 
polysaccharides, but only where they contain more than three D-glucose units
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linked together by such bonds. Glucose polymers of this type are to be found 
in starch, glycogen, and oligosaccharides.
1.3.3. Proventriculus
The food passes from the crop to the proventriculus (which is 
sometimes referred to as the “chemical” stomach) where protein digestion 
begins. The protease precursor pepsinogen, along with hydrocliloric acid, is 
secreted from glands in the proventriculus wall in response to stimulation 
resulting from the distension of the feed-filled crop r f
hydrochloric acid to the digesta lowers the pH of the proventriculus to 
between 1 and 2, activating the inert pepsinogen to pepsin, and ensuring 
optimum conditions for the proteolytic activity of the pepsin. Pepsin cleaves 
the carboxyl bonds of the protein to produce smaller polypeptides (Gruppen, 
1996). The food only remains in the proventriculus for a short while before it 
passes to the gizzard.
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1.3.4. Gizzard
The gizzard is sometimes referred to as the “mechanical” stomach and 
has the primary function of grinding the digesta to a smooth paste. The walls 
of the gizzard are lined with a thick, homy layer of a proteinaceous material 
called koilin, which provides a grinding surface as the stomach contracts. 
This action may be increased by the addition of grit to tlie diet, being retained 
in the gizzard to aid the grinding of hard feed materials such as whole grains. 
Grinding reduces the particle size of large pieces of the diet, such as cereal 
hulls and lai^_ pieces of endosperm, and increases the surface area of the 
digesta components. The high pressure, shear forces and churning action, 
combined with the HCl from the proventriculus, act together to destroy 
tertiary protein structure, enabling the pepsin to hydrolyse tlie long chain 
proteins into simple subunits and constituent amino acids. Where the bird has 
been fed cereals, this action will rupture the starch granules, releasing 
amylose and amylopectin, which in turn will begin to solubilise by the 
cleavage of internal hydrogen bonds, and chelation with water molecules 
(Rogel et a l ,  1987). This renders the cereal starch more vulnerable to attack
32
by carbohydrate enzymes in the duodenum and upper ileum. The digesta 
passes from the gizzard to the duodenum.
1.3.5. Duodenum
The duodenum and upper part of the ileum (jejunum) are the areas of 
the gut where carbohydrate hydrolysis predominates and nutrient absorption 
occurs. Mucus, electrolytes and enzymes are secreted onto the digesta in the 
duodenum from the lining of the tract, the pancreas and the gall bladder.
The duodenal lining secretes the enzyme a-glucosidase. This enzyme 
hydrolyses simple sugars to their constituent glucose units as they pass 
through the length of the small intestine.
Bile secretions from the gall bladder raise the digesta to pH 6 and act 
as a surfactant to emulsify fats and lipids, enabling fat digestion to take place.
Pancreatic secretions contain enzymes, including the proteolytic endo- 
and exo-peptidases, trypsin and chymotrypsin (which complete the final
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stages of protein digestion in the ileiim), and starch hydrolytic enzymes (a- 
amylase). Pancreatic lipase breaks down the lipid to fatty acids, which form 
micelles that are then solubilised and moved across the ileal brush border into 
the portal vein. These secretions also contain bicarbonate buffers that 
stabilise the pH at 6, promoting enzyme activity and quenching the activity of 
stomach enzymes.
1.3.6. Ileum
In the ileum the pancreatic peptiodses digest the poi> peptides produced 
by pepsin activity into amino acids and peptides that are then absorbed 
through the gut wall (Gruppen, 1996). Pancreatic a-amylase cleaves the a-1- 
4 linkages of amylose and amylopectin to generate short-chain 
oligosaccharides. These are then broken down to glucose by oligo- and di- 
saccharidases secreted from the ileal brush border membrane (Alpine & 
Sheshukova, 1992), and absorbed from the lumen (Gruppen, 1996). Maltose 
is hydrolysed to glucose by a-glucosidase secreted from the duodenal lining.
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The digesta moves down the length of the ileum wliilst the processes of 
digestion and absorption continue, and after having passed through the small 
intestine (duodenum plus ileum) the main dietary components, i.e. starch, 
protein and fat, will have been digested. If digestion has been efficient, the 
digesta will contain only the ‘fibre’ part of the diet, and will do so since 
chickens do not possess the enzymes necessary to digest these molecules. At 
the end of the ileum, the digesta that remains enters the caeca.
1.3.7. Caeca
In chickens the colon is virtually absent and is replaced by two 
enlarged caeca that lead directly into the rectum. These contain large 
microbial populations which ferment any nutrients remaining in the digesta. 
The terminal zone of each caecum is the site of considerable bacterial 
activity.
Chicken hind-gut microflora are heterogeneously cultured in the caeca 
of tlie digestive tract. Here they are sheltered fi-om the more disruptive 
activity of the main alimentary canal, enabling them to establish colonies and
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digest food material more efficiently (Leitgeb, 1990). The dominant species 
are lactic acid bacteria and Streptococci (Kovalenko et <7/., 1989) that require 
acidic conditions in addition to a supply of starch as a carbon source (Champ 
er <7/., 1983).
Passage of food into the caeca is regulated by the muscles at the end of 
the ileum, that control the flow of digesta by peristalsis and muscle 
contraction. The microflora in the caeca ferment the undigested material 
(mostly fibre), producing volatile fatty acids which are then absorbed through 
the caecal lining (Chesson, 1990).
1.3.8. Rectum
After the digesta has been subjected to hind gut fermentation, water is 
reabsorbed from the remains of the feed. The digesta is now faecal material 
and passes into the rectum prior to being excreted.
The typical digestive transit time for a broiler chicken is four hours. 
However, this time is dependent on the age of the animal, its feed intake and 
early nutritional experiences (Tur et al, 1986).
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1.4. FACTORS AFFECTING DIGESTION AND BROILER 
PERFORMANCE
The dietary nutrients available for metabolism is a fimction of the 
ability of the animal to consume and digest feed efficiently. The chemical 
and physical properties of the dietary components (carbohydrate, protein and 
fats) have a direct bearing on the digestibility of the feed. For example, the 
more complex molecular structure of some nutrients (amylopectins, starch- 
lipid complexes) may result in poorer digestibility due to slower digestion 
rates than those wiin very simple structures, a factor which is independent of 
the energy content of that feedstuff (Petterson, 1988). The variable nature of 
wheat grain composition (described in section 1.2.3 above) would suggest 
that the nutritional value for broiler chickens will vary between wheat 
samples. The following section discusses the influential roles of certain 
factors found in cereals that have been shown to, or may have a bearing
jsr»'
upon the digestibility of feed and broiler productive performance.
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1.4.1. Starch and Energy Availability
The amount of glucose available to the bird as a ready energy source is 
limited by the quantity liberated from starch by the enzyme activity of the 
carbohydrases in the ileum (Levin, 1976). Glucose is required by the bird for 
maintenance of its metabolic and homeostatic mechanisms, and to assimilate 
and convert other nutrients into tissue. The abihty of the broiler to digest the 
carbohydrate-rich cereal component of its diet therefore influences its 
capacity for growth (Mollah et ai, 1983). Certain proteins contained within 
the embryo of wheat grain V.U. w oeen to inhioit the a-amylase enzymes 
secreted by chickens for the digestion of cereal starch (Snow & O’Dea, 1981; 
Rogel et al, 1987). The level of the inhibitor present in the embryo is 
determined by the genotype of the wheat (Warchalewski et al, 1989). These 
proteins are usually destroyed by heat generated from friction during milling, 
and by the enzyme pepsin secreted in the gizzard (Snow & O’Dea, 1981;
O f * -
Rogel et al, 1987; McNab, 1993), and therefore are thought not to interfere 
with starch digestibility in broiler chickens fed milled or processed diets 
(McNab, 1993).
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Wlieats that accumulate more starch and have heavier grain weights 
may well prove to have higher nutritive value for poultry, since provided that 
the digestibility of the starch is high, there will be more glucose potentially 
available (Mollah et ai, 1983). Graham (1995) identified those wheats 
containing large amounts of starch and low levels of fibre as being those best 
suited to the nutritional requirements of growing broiler chickens.
The differences between cultivars in grain filling and starch 
development within the endosperm could also dictate the availabihty of the 
starch for digestion within animals. It may therefore \  t ' z k  .
certain wheat cultivars that show these quality characteristics (Chojecki et al., 
1986) for the production of higher nutritive quahty broiler feeds, and 
consequently more efficient productive performance. Cultivars with more 
regular endosperm organisation and a greater number of ‘A’ type granules 
could also be of increased nutritive value to chickens (Wiseman, 1990) since 
tliis type is more readily gelatinised in the gut. Hard, regular endosperm 
structures tend to result in uniform availabihty of these large granules for 
enzymic attack. Larger, A-type granules are more easily ruptured during feed 
processing and digestion because of their surface to volume ratio, and
39
therefore the starch contained in those granules will be more readily available 
for hydrolysis by enzymes. The smaller B and C-type granules are more 
difficult to rupture (Gruppen, 1996) and often escape digestion due to their 
size and small surface area to volume ratio.
1.4.2. Amylose and amylopectin
The digestibihty of cereal starch is dependent upon its amylose and 
amylopectin content (Rogel et al, 1987; Gruppen, 1996). Amylose is 
considered tc je  more digestible than amylopectin because of its simple linear 
molecular structure. Although amylose is theoretically a readily available 
source of glucose, it has been shown to interfere with digestion in the ileum of 
monogastric animals (Behall et al, 1989). Free amylose has the capacity to 
form chemical complexes with hpids and proteins, rendering then resistant to 
enzymic attack (Aman & Graham, 1990). This effect slows the rate of 
digestion and reduces the release of useable nutrients from the feed. The 
branched structure of amylopectin makes it poorly digestible by a-amylase, 
which results in larger digestion products which require further hydrolysis 
before they can be absorbed fi’om the lumen These branching bonds prevent
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complete digestion by a-amylase, so only larger branched and unbranched 
oligosaccharides, which are rich in a-l,6-glucosidic bonds, are formed as 
digestion products (Gruppen, 1996).
Differences in the digestion of the two starch polymers suggest that 
wheats containing more amylose in relation to amylopectin would be more 
readily digestible. However, the problems associated with the ability of 
amylose to form indigestible complexes with other nutrients, and thus slowing 
down digestion, would need to be considered (Behall et al, 1989). There 
may be relationship between the amylose. uiylopectin ratio l  wheat and the 
resulting rate of starch digestion and broiler growth, and from which it could 
be possible to predict the feeding value of wheat samples.
1.4.3. a-amylase activity
Diets formulated with wheat that has sprouted, due to increased a- 
amylase activity caused by late harvesting or poor storage (Wiseman & 
Inborr, 1990), will have less nutritionally-available starch within the
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endosperm; some of the starch will have been digested and the resulting 
glucose used as an energy source for tissue growth by the developing embryo. 
The amount of a-amylase contained in wheat grains has been related to 
feeding quahty for broiler chickens, in that wheat with lower enzyme activity 
gives better liveweight gains than those samples with higher levels of a- 
amylase (Rose et a i, 1992; McNab, 1991). Rose et ai, (1992) found that 
there was a correlation between wheat HFN and the energy available to the 
bird (AME) from wheat diets, whereby wheats with higher HFN produced 
diets wliich were higher in AME. The reason for this was unclear, as the 
starch content and chemical composition of the wheat was not studied. More 
importantly ( from a commercial viewpoint) they reported a trend between 
HFN and broiler growth whereby higher HFN wheats produced better 
liveweight gains. HFN may be related to the amylose: amylopectin ratio of 
the starch granules or the NSP content of the wheat, as both these 
characteristics would influence the solubility and viscosity of the wheat 
sample (Lund, 1984). The nature of the starch within different wheat samples 
would need to be investigated if the true relationship between these 
components is to be determined.
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1.4.4. Hind gut microflora
The micro-organisms of the caeca contribute to the enzyme 
activity of the gut, complementing the natural enzyme secretions of the bird, 
thereby increasing the types of dietary components that can be digested. For 
example, gut microflora will ferment both NSP and cellulose, in addition to 
any material that has not previously been digested (Champ et al, 1983; 
Longstaff et al, 1988; Schutte et al, 1992; Annison, 1993). This 
supplementary enzyme activity was observed by Ishibashi (1983) who found 
that germ-free birds kept in sterile environments (to prevent development of 
microbial colonies within their gut) had lower gut enzyme activities than 
conventionally-reared controls. The host and bacteria coexist in a state of 
mutual symbiosis under ordinary circumstances, although the host is 
competing with the bacteria for the released nutrients (Annison, 1993).
Hind gut development is influenced by diet, and the types of colonising 
micro-organisms. Loss of, or reduction in microflora populations will reduce 
hind gut weight, as demonstrated by Henry (1987) when he fed antibiotics to 
chickens and measured caecal development.
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Experiments by Meluzzi et al. (1986) showed that the activity of gut 
micro-organisms exerted significant influence over broiler productive 
perfonnance. The fermentation of fibre by gut micro-organisms contributed 
to the amount of energy available to the bird for growth as a result of the 
production of metabolisable volatile fatty acids.
The effects of additional supplementation of broilers with common hind 
gut micro-organisms has been studied. When diets were supplemented with 
Streptococci or lactic acid bacteria the broilers had higher weight gains and 
better feed conversion ratios (FCR) (Meluzzi et al, 1986). This may be 
explained by the later work of Muramatsu et al. (1987, 1993), who found that 
protein anabolism within the body of the bird increased in the presence of gut 
micro-organisms. The natural gut flora may therefore further contribute to 
broiler growth by assisting protein uptake and availability.
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1.4.5. Dietary fibre
Fibre components are defined as cellulose and lignin (from the bran 
layer) and the soluble and insoluble cell wall NSP, especially P-glucan and 
arabinoxylan, (Aman & Graliam, 1990; Englyst et a i, 1992). Soluble NSP 
has been identified as an anti-nutritive factor in chicken diets that causes poor 
growth and feed conversion (Antoniou & Marquardt, 1981; Longstaff et a i, 
1988; Bedford, 1992; Choct & Annison, 1990, 1992; Schutte et al, 1992; 
Graham, 1994, 1995). Insoluble NSP is the portion of the diet that is 
commonly referred co as ‘dietary fibre’. It has been reported that if pure 
dietary fibre, in the form of isolated soluble and insoluble NSP, is fed to 
broiler chickens there is an associated loss in growth and performance that is 
dose-dependant (Wiseman & Inborr, 1990; Choct & Annison, 1992; Annison,
1993).
Wheat does not usually contain levels of NSP as liigh as barley 
(Cowan, 1996) (see table 1.1), though variation between wheat samples is 
considerable. The variability of wheat, and the environmental effects on 
arabinoxylan content in wheat grains, may indicate that the nutritive value of
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wheat could vary between harvest years as a result of changes in NSP level 
and profile. This would be reflected in differences in broiler performance not 
only between varieties but also between harvest years.
Wheat bran will have more, and dehulled cereals will have 
proportionally less, NSP when added into poultry diets. Formulations need to 
take account of the possible negative effects on digestion of adding certain 
wheat components into diets.
Es*-
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(i) Effects of dietary fibre on ileal digestibility
Dietary fibre causes increases in the viscosity of the digesta in the 
upper ileum, where the NSP fibres solubilisé and form a viscous gel. Tins gel 
can be visualised as a fine mesh of interwoven fibres that trap nutrients and 
water (Bedford, 1992; Annison, 1993; Cowan, 1996). The formation of the 
gel inlubits nutrient digestion as the endogenous enzymes of the broiler vrill 
have limited contact with the substrates that are caught in and surrounded by 
the network of fibres. The gel also has a large water holding capacity, and 
removal of water fi-om the gut environment further redu : , . ir s’ ’ rt. c , 
contact and thence decreases digestion rate. The transit time of the digesta is 
increased and absorption across the gut wall reduced as the whole food mass 
slows down and becomes thick and sticky. As a consequence of the poor 
starch digestion and reduced glucose release fi-om the feed, blood glucose 
levels will also decrease (Snow & O’Dea, 1981; Behall et a i, 1989).
The interference of the increase in viscosity with nutrient uptake and 
assimilation was quantified by Bedford and Classen (1992). They found that 
the digesta viscosity of wheat and rye-based diets was related to broiler
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performance by a positive logarithmic relationship between viscosity and 
FCR. In diets formulated with barley or rye, which have a large soluble p- 
glucan and arabinoxylan content (Englyst et a i, 1989), viscosity is very high.
Broilers fed diets that result in high digesta viscosity, and hence slower 
movement of material within the digestive tract, can affect the distribution of 
caecal microflora. Tlie slowed passage of digesta can promote the 
colonisation of the ileum by the bacteria (Rogel et al., 1987).
Tlie digestion and absorption processes in the ileum under conditions 
of microbial colonisation will be affected, the host being in direct competition 
for nutrients with the now much larger microbial population. This increase in 
competition could cause a decrease in nutrient availabihty to the host bird, 
and thence depress growth, as the bacteria would then be able to digest a 
greater proportion of the hydrolysed nutrients which were available to the 
bird (Rose & Bedford, 1995).
The presence of NSP within tlie diet can therefore alter digestion and 
absorption in the ileum, and limit the flow of nutrients to the animal
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(ii) Effects of dietary fibre on bind gut fermentation
Birds fed on diets with high fibre contents have significantly higher 
caeca volumes (Kamar et a i, 1987a, 1987b), as a result of wliich more feed 
can be fermented each time the caeca are filled. It is therefore important that 
the diet has sufficient fibre to ensure healthy hind-gut development and 
colonisation with beneficial organisms, so as to complement endogenous 
enzyme secretion. The flow of undigested organic matter to the caeca may 
also rise, and this may lead to an increase in microbial activity due to the 
additional availabihty of carbohydrate and protein for. fermentation (Bedford, 
1992; Annison, 1993). As a consequence, a build up of toxic secondary by­
products fi-om fermentation may occur, or colonies of toxigenic species such 
as Clostridia may cause the bird to be immimo-compromised, and thence 
lead to disease.
A schematic diagram representing the effects that NSP and viscosity can have 
on the bird is given in figure 1.5 below.
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FIGURE 1.5. POSSIBLE EFFECTS OF NSP ON NUTRITIONAL
VARIABILITY OF CEREALS.
Most birds All birdsFew birds
Light flow\of organic 
matter to hind gut
Heavy fldw of organic 
matter ip hind gut
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soluble NSP
Wheat with high 
soluble NSP
GOOD BROILER GROWTH 
AND EFFICIENCY
POOR BROILER GROWTH 
AND EFFICIENCY
CROP 
Little NSP 
solubihsation
CROP 
NSP solubihsation 
& viscous digesta
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NSP solubihsation 
& NSP Hydrolysis
HIND GUT 
Low microbial activity
HIND GUT 
Increased microbial activity. 
Development 6? toxigenic 
micro-organisms.
Efficient brc hdown 
and absorption of 
ah nutrients
ILEUMILEUM 
Viscous digesta: 
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(Adapted from Annison, 1993)
50
1.4. 6. Bird age
There are physiological factors that change the rate of ileal starch 
hydrolysis in the bird. Although broilers are only grown to slaughter weight 
during a short period of time (typically to seven weeks of age), bird age and 
maturity have been shown to affect enzyme production. Pancreatic enzymes 
and gall bladder secretions alter in response to dietary concentration of target 
molecules, and their activity increases with bird age. It has been suggested 
that this development of secretion limits digestion efficiency and subsequent 
broiler performance in young growing birds (Nitsan et a i, 1991). Bedford
(1992) also linked broiler efficiency with age, commenting that yoimg birds 
faced limitations in their abihty to digest feed due to poor enzyme secretion; 
he highhghted the influence of viscous dietary components, which have a 
larger effect in broilers under four weeks of age. As efficiency of feed 
utilisation, growth rate, feed intake and the extent of influence of dietary anti­
nutritive factors depend upon the age and maturity of the broiler chicken, it 
follows that bird age must be taken into account when using diets which 
potentially contain viscous compounds, or other nutrients that certain age 
groups may find difficult to digest (e.g. amylose). Digestibihty studies using
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wheat have shown that older broilers utilise feed more efficiently than young 
ones, and have fewer problems with anti-nutritive substances than younger 
animals as a result of improved enzyme secretion and increased ability to 
hydrolyse dietary components (Rogel et ai, 1987; McNab, 1993).
1.4.7. Feed processing
Wheat is not usually fed whole in poultry diets. It generally passes 
through certain types of processing, both before and after combination with 
other dietary components, in order to improve its nutrient digestibility and 
ease of handling. Whole feed wheat is milled to fracture the grains and 
expose the internal structures, e.g.; the starchy endosperm. As the wheat 
grains spht the starch granules are broken open and the surface area of the 
endosperm is increased. Greater starch damage has been linked to improved 
digestibihty (Bedford, 1992) as it increases the rate of digestion in vivo by 
uïcreasing the availabihty of substrate for enzymatic attack.
The milled wheat will then be combined with other feed ingredients to 
give a diet that satisfies the nutrient requirements of the bird. Wheat based
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diets may be fed to broilers in this meal form, though commercial diets are 
more usually subjected to other processes to make the feed more digestible 
(Rogel et ai, 1987) and easier to handle, particularly regarding dust 
reduction. Pelleting is a common processing method used witli broiler rations, 
in the UK. The feed is compressed, by forcing it through the holes of a die, 
into small pellets. Water may be added to assist the process where the feed 
has a liigh dry matter content (Larbier & Leclerq, 1994). Pelleting causes the 
feed to heat up (generally to about 70°C or above), which results in the 
gélatinisation of starch and dénaturation of protein, improving the ease of 
digestion of there nutrients by making them easier to hydrolyse in the gut 
(Snow & O’Dea, 1981; Rogel et ai, 1987). Care needs to be taken, 
however, to ensure that the heat of the process does not cause increased 
solubilisation of undesirable NSP fractions, or the transformation of starch 
into its crystalline form (formed during cooling) which is often indigestible 
(Colonna et ai, 1992; Englyst, 1992; McNab, 1993). Pelleted feed may be 
^  crushed again into what is termed ‘crumb’ diets, fSf feeding to young birds 
that are too smdl to easily consume whole pellets (Larbier & Leclercq,
1994). Heat expansion and extrusion of diets acts on the nutrients in a similar 
way improving digestibihty (T,arbier & Leclercq, 1994).
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1.5. THE EVALUATION OF THE NUTRITIVE VALUE OF WHEAT 
IN BROILER CHICKEN DIETS
1.5.1. Laboratory Analysis
The most common laboratory assessment of feed components including 
cereals, for inclusion in poultry diets is collectively known as ‘proximate 
analysis \  Tliis involves the measurement of moisture, protein, fat, fibre and 
inorganic matter contents. The amino acid, vitamin and mineral profile of a 
feedstuff can also be ex.r/’^ -^^ d ^^nde»’j'Heal conditions the variabffity and
quality of feed ingredients is analysed before it is included in a whole ration 
so as to ensure a nutritionally adequate, balanced diet for the animal. The 
determinations generally referred to as ‘proximate analysis’, are commonly 
assessed, particularly in finished or processed feeds, where such values have 
to be declared (Ball, 1988).
As discussed in section 1.2.3, different batches of wheat can show 
great variation in composition and quality. Apart form cursory visual 
assessment to assess spoilage or damage of the grain, it will usually have
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been analysed for its dry matter and protein content. Currently there are few 
other analyses carried out on wheat destined for animal feed, as laboratory 
analysis is costly and often not deemed as important a factor as it is in the 
high quality, human food grade wheats used in baking.
In order to formulate broiler diets to match the level of nutrients 
required by the chicken without knowledge of the chemical composition of 
each batch of materials, standard values are used which have been calculated 
fi-om analysis of samples of feedstuffs thought to be typical of their type. In a 
review investigating the financial and nutritional i m p h ; - / ..r .
and quality control of raw materials for animal feed. Ball (1988) described 
how there was no segregation of material with respect to its origin (variety, 
harvesting conditions) or quahty. Obviously, in light of the standard values 
usedi this may lead to over or under estimation of the nutrients contained 
within that material during feed formulation, which could consequentially 
affect the performance of the growing broder. As faster and easier methods 
of quality control and assessment become available, such as the rapid near 
infra-red analysis, more accurate feed formulations will be possible.
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Currently feed is analysed in detail only when there is a severe problem 
that has become evident during the growing period of the broilers, or during 
controlled research trials. As yet, information on tlie availabihty of the 
nutrients measured, and the resulting contribution to broiler chicken growth is 
hot available.
1.5.2. Animal Feeding Experiments
The nutritional quality of a poultry diet is of most commercial 
importance i_u ough tlie weigiit gain and efficiency of conversion of feed into 
tissue (FCR) of the bird. The most basic method of determining the quahty of 
feedstuffs for poultry is by means of feeding experiments, where hveweight 
gain and feed intake can be measured accurately under controlled conditions. 
The FCR can then be calculated (feed intake divided by weight gain) to give 
an efficiency value for that feed.
In this study these parameters were defined collectively as the 
‘productive performance’ of the broilers. These evaluations are very specific
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to the formulation and quality of the diet that the animal receives, and can 
vary considerably under commercial conditions due to disease exposure as 
well as dietary influences. As a measurement of dietary quality, productive 
performance is possibly the inost valuable information for broiler growers.
1.5.3. Metabolisable Energy
The metabolisable energy (ME) available to the animal is a standard 
measurement, calculated from animal experiments, used by animal 
nutritionists to gauge the nutritional value of the diet (McDonald et a l, 1981). 
It is a method of determining feeding quality under controlled conditions. 
The energy of the diet is partitioned out and utilised for different purposes 
within the animal (figure 1.6). ME is the dietary energy available for body 
maintenance and tissue growth, being the energy value of the nutrients that 
are digested and absorbed across the gut wall minus the energy lost in uric 
acid. There are two main methods of determining the ME of poultry diets.
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FIGURE 1.6. GENERAL PARTITIONING OF FEED ENERGY
Gross Energy of Feed
Digestible EnergyFaecal
Uric Acid Energy Metabolisable Energy (ME)
Heat generation Net Energy
Production Energy**Maintenance Enerjgy
Total Heat Production of Animal Gross Energy of Weight gain
* Energy required for maintaining body, e.g. respiration, gaseous exchange. 
** Energy retained for body growth.
From McDonald et a l, 1988.
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(i) Apparent metabolisable energy
The simplest way of measuring ME is by the Apparent Metabolisable 
Energy (AME) system. AME is calculated from data generated from 
experiments using young broilers (usually around 3 weeks of age) kept in 
cages under controlled conditions, fed ad libitum, and with the faeces 
collected over four days. The AME of the diet is calculated by determining 
the total amount of energy contained in the diet consumed by the bird, and the 
amount of energy excreted, and calculating the difference that is retained by 
the animal for growth and maintenance (Hill & Anderson, 1958; McDonald et 
al, 1981). Equation 1.1 shows the calculation for AME.
Equation 1.1. AME calculation:
AME = (Energy intake (MJl - energy excreted (MS))
(MJ/kg) Feed intake (kg)
/J S s -- - -
The AME calculation can be modified to take into account the amount 
of nitrogen metabohsed by the bird from the diet, and the corresponding 
energy utilised for nitrogen assimilation (Hill & Anderson, 1958). This is
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known as the nitrogen correction factor, the corresponding value being 
expressed as AMEn. The total nitrogen excreted by the bird is subtracted 
from the total nitrogen ingested to give a value for the total nitrogen retained. 
This figure is then multiplied by the amount of energy required for the 
assimilation of retained nitrogen into body tissues (34.39 MJ/kg, Hill & 
Anderson, 1958) and subtracted from the original AME result (equation 1.2) 
(McDonald ûf/., 1981).
Equation 1.2. Nitrogen-corrected AME calculation:
AMEn = ((Ein(MJ)-Eex(MJ) - (retained N(kg)l x 34.39 MJ/kg)) 
(MJ/kg) Feed intake (kg)
(ii) True metabolisable energy
AME values vary with respect to feed intake. In order to improve the 
method of AME evaluation, Sibbald and other workers developed a new 
method. This method is called the True Metabohsable Energy (TME) 
determination. The method involves tube-feeding a chicken, usually an adult
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cockerel, a known weight of the test feed (typically 50g milled cereal), 
thereby removing feed intake inaccuracies (Sibbald, 1975, 1985); the bird is 
starved prior to the tube-feeding for a minimum of 24 hours (Shires et al., 
1979) to remove.all previous feed material from the digestive tract. After 
feeding, excreta is collected over the following 48 hours. Control birds are 
fed only pure c^bohydrate (usually glucose or sucrose in solution), in the 
same controlled manner, and the amount of non-dietary energy lost from the 
gut by these birds is calculated as endogenous energy loss (EEL). TME is 
calculated (and corrected for endogenous energy losses and nitrogen 
retention) in the same way as AME (equation 1.3).
Equation 1.3. Nitrogen-corrected true metabolisable energy calculation:
TMEn = (Ein (MJ^ - Eex(MJII + EELfMJI - (ret. N (kg) x 34.39 MJ/kgJI 
(MJ/kg) Feed intake (kg)
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(iii) Limitations of ME systems
The AME measurement is currently thought to have some deficiencies 
for determining the nutritional value of a diet for a number of reasons. The 
main limitation is that there is no account taken of the energy that is lost as 
heat or for maintenance metabolism. Special metabohsm chambers can be 
used to measure respiration and heat generation, but these are costly and 
complex. There are problems associated with precise measurements of feed 
intake for the AME meth^^ ' kc. i . > L;:.aon. The ad libitum feeding of the 
birds leads to inaccuracies in feed intake measurements, due to clogging of 
feed around the mouth and dropping feed on the floor, or into water drinkers 
(McNab, 1993). Open-tray faecal collection can also be problematic, as the 
faeces may be contaminated with dropped food, which will raise its energy 
content, or the actual collection/weighing method may result in losses of 
faecal material (Wiseman & Inborr, 1990; McNab, 1996). Volatile fatty 
acids, which contribute to the energy value of the faeces, will also be lost due 
to exposure to air over several days. Ad libitum feeding also requires the test 
feedstuff to be fed as a complete diet, and essential dietary inclusions
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(proteins, fats) may interact or interfere with the dietary ME evaluation. 
AME values are also affected by level of feed intake. Decreases in feed 
intake cause directly proportional increases in faecal and urinary energy, and 
exert significant influence on, and cause variability in the final AME value 
(Sibbald, 1975). AME does not take into account tlie amount of energy that 
is lost in the form of mucous and enzyme production (the endogenous energy 
losses), which will have been formed from metabolism of the diet previously 
consumed by the bird, and that may not be part of the energy intake that is 
being measured. Losses of feed energy to gut microflora during hind gut 
fermentation processes are also not taken into account. All these factors 
cause errors in the final estimation of the AME value for the feed under 
examination. There is no official consensus as to the relationship between 
AME and die productive performance of broilers (Rose et a i, 1992; 
Wiseman, 1992; McNab, 1996; Rose & Bedford, 1995).
There are some difficulties associated with the TME method of feed 
evaluation, and its relationship to broiler performance. Although problems 
with feed intake variation are overcome, excreta collection difficulties remain.
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There is a reliance on the ability of the researcher to detect regurgitated feed 
contamination of faecal samples (which would affect the energy content of 
tlie faeces) and eliminate that bird from the data. Also, the result is further 
compromised by the introduction of more, less easily identifiable, 
complications (McNab, 1996) caused by the stress of starvation. Starved 
birds have been shown to increase pancreatic secretion (Nir et al.., 1993), 
therefore the endogenous energy losses will be higher in starved birds than in 
those ÏQÙ ad libitum. TME results may therefore be artificially high. Tube- 
feeding is very difficult to perform on young broilers. Therefore only adult 
birds, or birds at least four weeks old (Shires et al. 1980), are recommended 
for use. Feed performance differences between test feedstuffs may not exist 
in adult birds due to the increased digestive efficiency, so there is httle 
comparison with young broiler performance or AME. Secondly, 48 hour 
starvation and tube-feeding is highly stressful to the bird. This stress may 
directly affect the digestive functions of the gut, leading to poor digestion of 
the feed under investigation, and*therefbre a poor resulting TME value.
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1.5.4. Previous Investigations into Broiler Performance and Methods of 
Evaluation.
There is published work that has investigated the relationship between 
factors present in broiler diets and broiler growtli, feeding efficiency and ME. 
Early research into the nutritive value of wheat as a poultry feed was done by 
March and Biely (1973). They compaied different wheal varieties in cliicken 
feeding trials and analysed the ehemieal and physical properties of the wheat 
samples. They found that there was no correlation between wheat variety and 
any physical or chemical property of the wheat. They concluded that AME 
was influenced by other factors of the wheat. Recent research into the 
nutritional quahty of wheat has investigated the rehabihty of AME trials, and 
it has been reported that AME differs between wheat variety. Wiseman
(1993) found that low AME values were associated with reduced starch and 
dry matter digestibilities of the diet and that digestion of starch may therefore 
vary with respect to wheat variety. Wiseman (1993) also reported a negative 
correlation between AME and the amount of NSP in the wheat Similar 
findings have been reported by other workers. Annison & Jolmson (1989),
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Wiseman & Inborr (1990) and Annison (1993) have all linked cereal NSP 
with decreased AME values.
Rose et al. (1992) found no differences in AME between wheat 
varieties, but found significant differences between variety for broiler weight 
gain and feed intake. This would suggest that the standard methods of ME 
evaluation were not directly related to the growth of the animal, and could not 
be used as a measure of nutritional quality of the wheat.
McNab (1991) found correlations between wheat density and the 
TMEn value of wheat for poultry, though there was little variation in TMEn 
between varieties and growing site of wheat used in the diets.
As yet there are no in vitro laboratory analyses that correlate well with 
broiler productive performance (Wiseman, 1990; Dale, 1994).
Î5 i f f
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1.6. PROJECT OBJECTIVES
The specific objectives were:
1. To establish if the previously observed differences in growth of broiler 
chickens fed different wheat varieties were repeatable, and if these were 
evident between different harvest years.
2. To determine whether the growth differences of broiler chickens fed 
different wheat varieties were independent of the age of the bird.
3. To test whether differences in growth of broilers correlated to differences 
in the chemical composition, grain quahty or energy availabihty of the wheat 
samples fed to the birds.
4. To determine whether varietal differences in the rate of th^hydrolysis of 
wheat starch was correlated to differences observed in broiler growth when 
fed different varieties of wheat.
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5. To establish whether differences in in vitro rate of starch hydrolysis, that 
were found to be associated with nutritional and growth characteristics of the 
original wheat samples, could be used to predict the productive performance 
of broilers fed other wheat varieties.
î S A \  '
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2. GENERAL MATERIALS AND METHODS
2.1. WHEAT SAMPLES
2.1.1. Variety Selection
The two feed wheat varieties predominantly used in tliis project were 
Dean and Beaver. Tliese yaiieties were selected for use in the project 
because of their large differences in nutritional quality, as reported by Rose 
et a i  (1992) who found that, out of six UK varieties from the harvest years 
1990 and 1991 tested in broiler growth experiments, Beaver gave the 
poorest, and Dean the best, broiler performances.
The varieties selected had certain physiological differences. Beaver is a 
high yielding, soft feed wheat, with a typical yield of 9.70 t/ha. Dean is a 
^  lower yielding hard feed wheat variety, with a typÉcal yield of 8.80 t/ha.
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2.1.2. Harvest Years
Experiments were conducted in the course of the project to test 
whether the nutritional differences were evident between different harvest 
years for these varieties. Dean and Beaver samples taken from three harvest 
years (1990, 1991 and 1992) were used in broiler feeding experiments and 
laboratory analyses. The year of harvest was used as a treatment factor in 
tlie statistical analysis of the results.
The wheat samples used in the final experiments of this study were the 
six varieties Dean, Beaver, Brigadier, Rialto, Riband and Haven and were 
harvested in 1994.
The meteorological characteristics (rainfaU and average temperature) of 
each of the three years during the months of ripening and harvest were used 
to categorise the growing conditions, and to^eteimine the effect of this on 
grain quahty and development. The information was recorded at Harper 
Adams weather station for the months of June, July, August and September, 
and is shown in graphs 2.1 and 2.2 below.
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The temperature during the ripening and harvesting months followed 
similar patterns in 1990 and 1991, but in 1992 the temperature was lower 
during the months of June, July and August. Rainfall during August 1992 
was markedly higher than in any of the other periods recorded.
2.1.3. Growing Sites
Each of the growing sites used was split into three land blocks, with 
the varieties sown in a randomised design within e<ich blocks. This 
done to reduce the effects of soil variation within the fields on grain 
development. Samples fi’om 1990 were, in addition, grown at two different 
sites to further ensure representative samples. One site was at Escrick Park 
in Humberside, and the other at Hornsea in Yorkshire. Samples fi'om 1991, 
1992 and 1994 were produced on sites at Harper Adams. All the crops used 
in the project were treated with one apphcation of fertihser in April.
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2.2. DIET PREPARATION AND FORMULATION
2.2.1. Wheat Sample Preparation
Stored samples of wheat from each of the randomised field plots 
harvested in 1990, 1991 and 1992 were sorted by variety and then mixed 
in equal proportions in order to give six pooled samples of Dean and 
Beaver from each of the three harvest years. The six variety samples 
from 1994 harvest, used in tlie final experiment, were also a mixture of 
grain from randomised field plots. Tn the experiment investigating effect 
of broiler age, diets were formulated with wheat harvested only in 1991 
and 1992, due to depleted stocks of 1990 sample. The wheat samples 
were mixed in a horizontal mixer and hammer milled through a 4mm 
screen. Freshly milled wheat samples were used for each feeding 
experiment to avoid spoilage, and a sample was retained from each new 
batch of fidui-for laboratory analysis.
2.2.2. Diet Formulation ‘
The same diet formulation was used throughout the project, ensuring 
that the only factor vaiying between diets was the wheat sample. Each
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milled wheat sample was mixed with the other feed ingredients in the 
proportions shown in table 2.1 using a horizontal ribbon mixer. The 
composition of the other ingredients was calculated from standard 
information reported by the individual manufacturers, and is given in table 
2.2. Diets were prepared with 700 g/kg wheat inclusion, and each 
feeding trial, with the exception of the final one, was conducted using the 
prepared diets in basic meal form, thereby avoiding potential differences 
in digestibility that could be caused by further processing techniques.
*K-.-
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TABLE 2.1. EXPERIMENTAL DIET FORMULATION
Ingredient Proportion (g/kg)
Ground wheat 700
Full fat soya 155
Fish meal 97.5
Meat and bone meal 25
Methionine 2.5
Vitamin and mineral premix* 20
^ r * lg  of premix provided, per kg of whole diet: vitamin A 40000 i.u./kg, vitamin D3 
7500 i.u./kg, vitamin E62.5 i.u./kg, amprolium 6.25 mg/kg, ethopabate 0.4 mg/kg and 
avoparcin 0.5 mg/kg.
76
TABLE 2.2. CALCULATED COMPOSITION
Nutrient Quantity
Gross energy (MJ/kg) 16.5
Calculated ME (MJ/kg)* 12.3
Crude protein (g/kg) 215
Lysine (g/kg) 12
Methionine* cystine (g/kg) 9
Calcium (g/kg) 11
Phosphorus (g/kg) 7
Sodium (g/kg) 3
»■ * Calculated from values quoted in Novus, 1992. J2V.
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3. CHEMICAL AND QUALITY ANALYSIS OF WHEAT
SAMPLES
3.1. CHEMICAL COMPOSITION
The gross chemical composition of each of the wheat samples was 
measured by standard methods commonly used in the description of 
feedstuffs. The data was statistically analysed to determine significant 
differences between the wheat samples, due either to variety or harvest 
year.
3.1.1. Materials And Methods
Dry matter, crude protein, crude fibre and oil (as ether extract) were 
all determined according to AO AC procedure numbers 925.10, 984,13, 
962.09, 920.39 respectively.
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3.1.2. Statistical Analysis
Each sample was analysed in four separate experiments conducted 
over a period of time, and all data was statistically compared in a two- 
way analysis of variance, with wheat variety and harvest year as 
treatment factors. Replication over time was used as a blocking factor.
3.1.3. Results And Discussion
The results from the proximate analysis of whegt samples are given 
in table 3.1 below, and displayed in graph 3.1. All the values were within 
or close to the range of figures for these constituents quoted by Novus in 
their Global Feedstuffs data (1992), which are shown at the bottom of the 
table to aid comparison. The Novus data was compiled from standard 
references for the average feeding value and composition of feedstuffs 
world-wide (Novus, 1992).
Samples of Dean contained significantly higher levels of crude 
protein (5%) than Beaver for all three harvest years (p<0 001), with the 
1992 samples containing the highest and the 1991 tlie lowest amounts. 
Varietal differences in protein between Dean and Beaver were 11% for
79
1990 samples, 4% for 1991 samples and 2% for 1992 samples. Variation 
in protein content was significantly different for the harvest years 
(p<0.001), and the change in percentage difference over harvest year was 
reflected in a highly significant variety x year interaction (p<0.001).
There was a significant difference (p<0.05) between harvest years 
for crude fibre content as a result of the high fibre content recorded for 
the 1992 samples of Beaver and the low measurement for Dean 1990. 
The result obtained for Beaver 1992 may have been a consequence of the 
high rainfrll and low temperatures during the grain filling period of the 
growing season, altliough Dean was not affected in the same way. The 
implication of this observation was that the varieties responded 
physiologically to environmental stresses in different ways, resulting in 
differences in chemical composition between samples of the same 
genotype but grown under varying climatic conditions (Wiseman, 1990). 
The oil contents of botli varieties were similar, lower than the Novus 
standard figure, m d  imaffected by harvest year. There were no other 
significant differences or interactions for chemical composition between 
the two varieties fi'om these Üuee harvest years.
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The experiments conducted by Rose et al. (1992) gave values in 
chemical composition for UK wheat varieties that were comparable to the 
results from this experiment. Tlie significant protein differences between 
the two varieties were similar to those recorded for Canadian wheat 
samples by Schollenberger & Curtis (1949) and March & Biely (1973) 
during their investigations of the variability in chemical composition of 
feed wheat. Their results had also indicated large variation in protein 
content between genotypes. Nichol ei a l (1993) also reported significant 
variation in protein level between four UK wheat varieties used in broiler 
chick experiments.
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3.2. GRAIN QUALITY
The physiology and quality of the samples were analysed using 
methods originally devised by the baking industry. The results obtained 
from these experiments gave information on the grain physiology, natural 
enzyme activity and gélatinisation properties of the varieties.
3.2.1. M aterials And Methods
Hagberg falling number was determined using AOAC method 
number 976.13. Grain hardness was measured by Near Infra-red 
Reflectance (NIR) according to AOAC method number 989.03, with the 
softest (Beaver 1992) wheat sample as the zero calibration point. 
Specific weight of the grain was analysed using a chondrometer, whereby 
the weight of one hectohtre of grain was measured. Particle size was 
measured at Weston Research Laboratories by use of a Sympatec laser 
particle sizer, and the proportion of A- to B-type granules was estimated 
from this data by the percentage of particles less than 11 pm, as discussed 
by Parker (1985) who categorised starch granules less than 10 pm to be 
B- and C-types, and those between 10-50 pm to be A-types.
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3.2.2. Statistical Analysis
Each sample was analysed with replication over time, with the 
exception of particle size. Hagberg falling number, hardness and specific 
gravity data were statistically compared in a two-way analysis of 
variance, with wheat variety and harvest year as treatment factors. 
Particle size could not be statistically analysed as there was no rephcation 
of tliis measurement.
3.2.3. Results And Discussion
Tlie results of the grain quahty analysis are given in table 3.2 and 
graphs 3.2 and 3.3 below. Values for HFN, hardness and specific gravity 
declined over the three growing years, suggesting that the quahty of the 
^ grain also declined over this period. SignJ^icant differences and 
interactions for these measurements were found between wheat varieties 
and harvest years for the analysed data.
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Dean had a consistently liigher (on average 50%) Hagberg falling 
number, suggesting that grain sprouting incidence was very low and that 
the endospermic starch in this variety was more readily gelatinised than 
that of Beaver. This might have been an effect of the liigher proportion of 
large starch granules (Gruppen, 1996), as indicated by the particle size 
data, where tlie results showed that there were over three times more 
small (<11 pm diameter) particles in Beaver than in Dean (Bechtel et ai, 
1993). Therefore, it may be suggested that Dean had proportionally less 
small, B- or C-type granules than Beaver, although tliis would require 
clarification by electron microscopy methods which were not available. 
It may also indicate that there are more ‘fines’ (very small, dusty 
particles) produced in meal diets formulated with the softer variety 
(Larbier & Leclercq, 1994; Vincent et al, 1995). Increased fines in the 
diet can cause low feed intakes due to clogging around the mouth, and 
may also inhibit crop emptying, by the formation of sticky, doughy liimps 
of feed that get lodged in the crop and are difficult to break down. 
Certainly the texture (hardness) of the grains could be linked to the 
particle sizes, with the hard wheat. Dean, producing larger fi-agments due 
to its cracking during milling, in contrast to the ‘squashing’ effect seen 
when milling soft wheats such as Beaver (Vincent et ûf/., 1995).
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The significant differences in hardness of endosperm texture may be 
a reflection of the higher protein content observed for samples of Dean 
during the proximate analysis of the grain (Sulaiman et a i, 1994). 
Regression analysis did not detect any simple linear relationship between 
these two measurements. Tliis was probably due to variations in the 
distribution of protein between the internal grain structures (e.g. between 
embryo and endosperm), measurement of which was outside the scope of 
this investigation.
Grains of Dean were better filled, and contained starch that was 
possibly more soluble and probably packed into larger, A-type granules 
(which are generally considered to be more easy to digest than B-type 
granuleij (Wiseman, 1990; Gruppen, 1996), see section 1.4.1). The harder 
Dean grains, when ground, produced meal with ihore large particles than 
the soft, more crushable Beaver, vradch might influence the palatabihty for 
broilers aprj^  thence impact on feed intake (Wiseman, 1990). The results 
of the experiment indicated that Deian had potentially higher feeding value 
than Beaver.
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3.3. CARBOHYDRATE ANALYSIS
The objective of these experiments was to quantify the amounts and 
types of carbohydrates, other than the crude fibre assayed in the 
proximate analyses, witliin the wheat samples Dean and Beaver from 
1990, 1991 and 1992 harvest years.
3.3.1. Materials And Methods
(!) Non-starch polysaccharides
The NSP profile of each wheat sample was classified and analysed 
in accordance with a method devised by Dr Hans Englyst at the Dunn 
Clinical Nutritional Centre (Englyst et al, 1992). The methodology is 
summarised in appendix 1. Tfîè classifications used were:
(a) TOta! Dietary Fibre
(b) Insoluble Dietary Fibre
(c) Soluble Dietary Fibre ((a) - (b))
91
The procedure used was an enzymic-chemical method, whereby fat- 
free wheat starch was liberated from its granular stmcture by 
gélatinisation in water and DMSO (a wetting agent), and removed by 
digestion with amylase, pullulanase and pancreatin. The insoluble NSP 
was isolated by the repeated washing of the whole, enzymically-treated 
sample with distilled water. Sulphuric acid hydrolysed the NSP portion 
to neutral sugars and uronic acid, which were measured by colorimetry.
(ii) Total starch and free glucose
The total starch and free glucose content of each of the wheat 
samples was determined using the method devised by Englyst (Englyst et 
ai, 1992). This method allowed classification of the glucose and starch 
according to its digestibility and availability to the animal. The method 
used in this instance was one which simulated the digestive processes as 
they occur in monogastric animals, and is summarised in appendix 2. The 
wheat sample was finely ground, suspended in buffer and gelatinised by 
boiling. It was incubated with invertase, in order to convert all free and 
soluble simple sugars to glucose. A sub-sample was taken from the 
mixture, quenched in ethanol to stop the enzymic activity, and the amount 
of glucose present assayed colorimetrically. This portion represented the
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amount of freely available glucose in the wheat sample. The remaining 
reaction mixture was then exposed to enzymic attack by 
amyloglucosidase, invertase and tennamyl, and frirther degraded by 
apphcation of strong alkali, and dtemate boiling and freezing. These 
measures ensured that all the starch present witliin the wheat sample was 
reduced to basic glucose subunits. The amount of glucose present within 
the reaction mixture was then assayed in the same way as for the 
determination of free glucose. To calculate the amount of starch that had 
been hydrolysed, the amount of total free glucose in each sample was 
subtracted from the total glucose.
(iii) Amylose: amylopectin ratio
The ratio of amylose to amylopectin in the endospermic starch of 
Dean and Beaver- from 1990, 1991 and 1992 harvest years was 
determined colorimetrically by a procedure deviled by Jarvis & Walker 
(1993) (appendix 3). The wheat samples were treated with ethanol, to 
rerhove lipids, and then dissolved in potassium hydroxide and distilled 
water. A small sub-sample of this solution was neutralised with 
hydrochloric acid and stained with iodine solution. The samples were 
then analysed spectrophotometrically, and compared against amylose and
93
amylopectin standard absorbances in a series of simultaneous equations 
to calculate the comparative amounts of amylose and amylopectin in the 
sample.
3.3.2. Statistical Analysis
Each sample was analysed as four time rephcates for NSP and 
amylose:amylopectin ratio. Ten rephcate analyses were used for the 
assessment of total starch and free glucose. Wheat variety and harvest 
year were used as treatment factors in the analysis of variance, and the 
data was blocked over time.
3.3.3. Results and Discussion
The results of the carbohydrate analysis are shown in table 3.S' and 
figures. There were significant varietal diferences for the free glucose 
content and amylose:amylopectin ratio (p<0.001) of the wheat samples. 
Beaver had consistently higher levels of free glucose than Dean, which 
may have been related to the lower values of Hagberg
94
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falling number obtained for Beaver in the grain quality analysis. Low 
values for HFN indicated higlier a-amylase activity (Warchalewski et al, 
1989; Wiseman & Inborr, 1990), i.e. that more a-amylase enzyme had 
been released from tlie aleurone layer of the grain for catalysis of 
endospermic starch to limit dextrins and thence to glucose subunits 
(Gruppen, 1996). Wheat grains with more a-amylase activity resulted in 
lower HFN because the action of the enzyme caused increased liquefaction 
of the endospermic starch (by loss of gélatinisation properties due to 
hydrolysis of the available starch to glucose) which decreased the viscosity 
of the gelatinised wheat solution (Wiseman, 1990; Best & Muller, 1991). 
The overall effect of this was seen as a decrease in the amount of time 
needed for the plungers to drop through the solution and, hence, a lower 
(faster) falling number was recorded. As Beaver had the lowest HFN, it 
probably had the highest amylase activity, which resulted in higher levels 
of free glucose in the Wheat grain.
Total starch content was significantly different between harvest 
years. For both varieties 1991 gave the highest and 1992 the lowest values 
of total glucose. The amount of total starch in the six wheat samples was 
within the range (504-689 g/kg) previously reported for feed-grade wheats
100
used in broiler diets (Snow & O’Dea, 1981; Rogel et ai, 1987; Annison, 
1990; Nichol et ai, 1993). Longstaff & McNab (1986) and McNab
(1991) had previously reported differences in the starch content of wheat 
due to environmental factors. The drier weather conditions of 1990 may 
have had a slightly negative effect on the amount of starch laid down by 
reducing amylose synthesis (Jenner et ai, 1991). However, it appeared 
that the grain was even more adversely affected in 1992, when temperature 
was low and rainfall was high. Both D ean and Beaver appeared to 
respond to climatic effects in the same way with respect to starch 
synthesis, however there was not enough environmental information 
available to speculate on the causes of these differences. Nichol et a l 
(1993) had previously reported significant differences in starch content 
between four UK wheat varieties. Although the total starch content of the 
samples of Dean and Beaver was within the range (533-670 g/kg) quoted 
by Nichol et a l (1993), the range was smaller and genotypic differences 
s,, were not found during this experiment.
There was a trend linking fi^ ee glucose to total starch content, where 
the wheat with the lower amounts of total starch (1992 samples) tended to 
have the higher amounts of fi’ee glucose. Tliis might have been an effect of 
the liiglier rainfall during final ripening and lower temperatures in that
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year, which could have given rise to poorer grain filling and higher a- 
amylase activity in relation to the other two years (Wiseman, 1990), as 
also observed in the HFN data. The variety x year interaction for free 
glucose may have been a reflection of the different ways that the two 
varieties responded to climatic pressures over the three years. Dean 
showed a similar level of fi'ee glucose in both 1990 and 1991, and only an 
increase in 1992, whereas Beaver gave different levels for all tliree years, 
with 1991 being the lowest and 1992 the liighest. There are many aspects 
of the environment that interact with variety to produce such differences, 
and the only information available regarding these samples was 
temperature and rainfall data, so it was only possible to tentatively 
speculate how these two parameters might have played a role in producing 
the differences m fi’ee glucose content. Dean may have been responding 
more to the temperature than Beaver, in that its free glucose content in the 
grain was similar in years when temperature was of a consistently higher 
level (average 17 - 18 °C in July and A u ^ st of 1990 and 1991), and 
increased when temperature dropped to an average of 15 °C (as in 1992).
There were no significant differences between wheat varieties for 
total, insoluble or soluble NSP fractions. The average value of NSP
102
fraction for all wheat samples was 135.7 g/kg total NSP, 101.8 g/kg 
insoluble NSP and 33.8 g/kg soluble NSP. The values were similar to 
those reported by Nichol et al. (1993) who found total NSP to range 
between 138-144 g/kg for their four UK wheat varieties. There were 
significant differences between harvest year for insoluble NSP, which was 
also reflected in the soluble NSP fraction. This was because the soluble 
fraction was calculated as the total NSP minus the insoluble NSP, and the 
harvest year differences in the insoluble fraction were therefore carried 
over into the soluble NSP result. Tlie reason for the significant year 
effects was tlie marked rise in the insoluble NSP content of 1991 wheat 
samples. These samples had an average of lOg/kg more insoluble NSP 
compared to the 1990 and 1992 samples, and this may be the reason why 
higher levels of total starch (which possibly included some of this NSP 
fraction as a result of chemical degradation methods used to extract all the 
starch after removal of free glucose) were recorded in the 1991 samples. 
The insoluble NSP fraction is comprised of cellulose and long chain 
structural carbohydrates, often referred to in nutritional studies as 
indigestible fibre (Englyst et al, 1992). These compounds are laid down 
in the grain for drought resistance (Dixon, 1985), and, even though 
temperatures were similar to 1990, the markedly lower rainfall during
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August and September in 1991 most likely caused the observed increase in 
NSP content of the wheat samples.
The chemical nature of the starch was investigated by measuring the 
amylose to amylopectin ratio present within the granules of the 
endosperm, and was found to be significantly different between the two 
varieties (p<0.001). Tlie grand mean ratio of the two starch polymers 
was 0.532, which was higher than the typical value of 0.430 for cereal 
starches (Morrison, 1992). However this value is thought to vary 
considerably , and high amylose cereal variants may show much higher 
ratios (Morrison, 1992). Dean had, on average, a 21% lower ratio than 
Beaver, and therefore proportionally more amylopectin. This could have 
been linked to the types of starch granules present in the endosperm, as 
A-type granules are thought to contain more amylopectin and have a more 
flattened, larger surface area than B- or C-type granules (Morell et al, 
1995), and the results of this, §nd the grain quahty experiments, indicated 
that Dean was likely to have a larger proportion of A-type granules than 
Beaver. The starch in Dean would probably be more readily solubhsed in 
the gut, and more available for digestion when fed to broiler chickens.
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4. BROILER FEEDING EXPERIMENTS
4.1. NUTRITIONAL COMPARISON OF DEAN AND BEAVER 
USING 7-21 DAY OLD BROILERS
4.1.1. Objectives
The objective of this experiment was to determine any differences in 
the weight gain, feed intake, feed conversion ratio and AMEn in 7-21 day 
old broilers fed diets containing two wheat varieties. Dean and Beaver, 
grown in 1990, 1991 and 1992 harvest years. A second objective was to 
determine the TMEn of each of the six wheat samples in adult cockerels. 
The third objective was to examine the relationships between the 
productive performance of the broilers and the ME values and the 
chemical or physical characteristics of the six wheat samples.
4.1.2. Treatments
The six samples of Dean and Beaver from 1990,. 1991 and 1992 
were fed as part of nutritionally adequate broiler diets in the experiment.
105
The diets were formulated with the wheat samples included at a level of 
700 g/kg, as detailed in section 2.2.
4.1.3. Productive Performance And AMEn Protocol
Ninety six male Ross-strain broiler cliicks were used. They were 
fed a conventional broiler starter diet and kept in a littered floor pen until 
7 days old (average weight 0.144 kg per bird). The birds were then 
randomly allocated, in pairs, to 48 cages. The cages measured 0.3m x 
0.3m X 0.3m, with a floor mesh size of 1.5 cm x 1.5 cm, and were 
arranged in eight randomised blocks. The birds were given ad libitum 
access to feed and water from troughs, attached to the front of the cages, 
wliich measured 11 cm x 11 cm and 10 cm x 8 cm respectively. The 
birds were maintained at a controlled temperature (which started at 30°C 
and declined to 25°C over the experimental feeding period), with a 23.5 
hour lighting jegime. Each cage of birds within the block was randomly 
allocated one of the six experimental diets, to give eight cage replicates 
per diet. The experiment lasted for 14 days, during which time weight 
gains and feed intakes were measured Feed intake was measured and 
excreta were collected over the last four days of the feeding period, and 
AMEn was determined.
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4.1.4. TMEn Protocol
The TMEn values of the diets were determined using a method modified 
from that described by McNab & Blair (1988). Twenty one adult layer-strain 
cockerels (average weight 3.2 kg per bird) were housed singly in cages, 
measuring 0.6m x 0.7m x 0.6m with a 2.5 cm x 2.5 cm floor mesh, at a constant 
house temperature of 16°C and with a 16 hour hghting regime. The 
experimental protocol is summarised in table 4.1. Birds were tube-fed either a 
milled wheat sample or a sucrose solution, and had ad libitum access to water 
from nipple drinkers. Three bird rephcates for each wheat sample were used 
per experiment, and the protocol was conducted three times in order to give 9 
replicates for each wheat sample. Three birds in each experiment were used as 
controls in order to calculate endogenous energy losses for the animals. The 
wheat samples and control dietary treatments were allocated to the cages 
randomly for each experiment. ' “
The birds were tube-fed directly into the crop using a stainless steel tube 
(Sibbald, 1985). Excreta were collected on trays under each cage; those 
collections contaminated by regurgitated food were classed as missing values.
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The collected excreta were dried in an oven at 60°C (following the 
recommendations of Blake & Potter, 1987). Excreta dry matter weight, gross 
energy and nitrogen was recorded in order to determine TMEn value.
The cockerels were then rhaintained on a grower diet ad libitum for nine 
days after the end of the experimental period, during wliich time their body 
weight recovery was recorded.
TABLE 4.1 TIME DETERMINATION PROTOCOL
Time Action
(hours)
0 All food removed from birds.
24 All birds'tube-fed 50 ml 70% (w/v) sucrose solution.
48 Experimental birds tube-fed 50g milled pure wheat
sample.
Control birds tube-fed 50 ml 70% (w/v) sucrose solution. 
Excreta collection started.
72 All birds tube-fed 50 ml water.
96 Excreta collected, dried and weighed.
Ad libitum feeding resumed.
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4.1.5. Statistical Analysis
The results of the productive performance and AMEn trial were analysed 
as a two-factor, randomised block analysis of variance. Wheat variety and 
harvest year were used as treatment factors, and the experimental data was 
blocked by cage block. A factorial, randomised block analysis of variance 
design was used for the TMEn data. Again, the treatment factors were wheat 
variety and harvest year and replication over time was used as a blocking factor. 
A correlation matrix to investigate the relationship between broiler growth and 
feeding efficiency (FCR) and ME measurements was constructed.
4.1.6. Results
The productive perfoimance, AMEn and TMEn data are shown in table 4.2 
bebw , and in graphs 4.1, 4.2 and 4.3. There were four missing values recorded 
for the broiler growth trial due to death of birds, and five missing values 
recorded for the TME results, due to regurgitated feed in the excreta.
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There were significant differences in weiglit gain (p<0.001), feed 
intake (p<0.01) and FCR (p<0.001) between the two wheat varieties 
Dean and Beaver. Significant differences in weight gain (p<0.05) and 
feed intake (p<0.001) existed between the three harvest years, and 
significant differences (p<0.05) for FCR were found between the variety 
means within harvest years (variety x year interactions).
The diets formulated with the variety Dean resulted in the highest 
broiler weight gains and feed intakes (12% and 7% greater than Beaver 
respectively) and improved FCR by 4%. These differences were evident 
over all three harvest years. Wheat samples harvested in 1992 showed 
the poorest broiler productive performance, with 9% lower weight gains 
and 8% lower feed intakes than the combined means of 1990 and 1991 
wheat samples fi’om both varieties.
The bjpjJ.er productive performance was measured as weight gain, 
feed intake and FCR over tlie whole 14 day grooving period. The grand 
means of broiler performance were 0.401 kg/bird weight gain, 0.666 
kg/bird feed intake and 1.67 kg/kg FCR. The AME values determined 
for Dean and Beaver fi-om 1990, 1991 and 1992 h ^ e s t s  had a grand 
mean of 13.46 MJ/kg when corrected to zero nitrogen balance and
114
expressed on a dry matter basis (AMEn). The AMEn means of the six 
experimental wheat diets were not significantly different, and there were 
no treatment interactions.
The TME values determined for the wheat varieties Dean and 
Beaver from 1990, 1991 and 1992 harvests had a grand mean of 14.64 
MJ/kg, when corrected to zero nitrogen balance and expressed on a dry 
matter basis (TMEn). There were no significant differences (p>0.05) in 
TMEn between the two wheat varieties, however there was a significant 
difference between the harvest years (p<0.001), and a variety x year 
interaction (p<0.05). This was due to the high value for Dean 1990 and 
the low value for Beaver 1992 samples. When the TMEn data from the 
other four wheat samples was analysed separately, no significant 
differences were observed (grand mean 14.65 MJ/kg; SEM=0.065, 
residual DF=21; p>0.05).
Correlation matrices were constructed to identify whether results for 
the experiments conducted in section 3 were related to the growth of the 
broilers in this experiment. The regression coefficients (r values) are 
shown in tables 4.3, 4.4, and 4.5 below. There was a strong
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correlation between weight gain and feed intake (p<0.01). The 
efficiency of feed utilisation, measured as FCR, was also related (p<0.05) 
to weight gain, but not to feed intake. There was a correlation (r = 0.838, 
p<0.05) between the AMEn and TMEn values, even though those 
measurements were not related to the growth and performance of the 
birds.
The second correlation matrix was constructed to determine any 
relationships between the chemical or quality characteristics of the wheat 
and the performance of the broilers. The only relationships linking broiler 
growth and the chemical analysis of tlie samples was between the dry 
matter content of the wheat and weight gain (r=-0.949, p<0.01), feed 
intake (r=-0.910, p<0.05) and FCR (r=0.841, p<0.05). There were also 
significant relationships between broiler weight gain and specific gravity 
(r=-0.879; p<0.05), and FCR and HFN (r=-0.838; p<0.05).
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The final correlation matrix (table 4.5) was constructed to determine 
any relationsliips between broiler performance and the nature of tlie 
carbohydrate in each of the wheat samples. Broiler weight gain and feed 
intake was significantly related to the amount of free glucose present 
in the wheat sample (r=-0.981 and r=-0.944 respectively, p<0.001), 
but not to the total starch. There were no significant relationships 
between bird growtli and total starch.
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4.1.7. Discussion
The results of the experiment indicated that the hard variety Dean, 
had a greater nutritive value for growling broiler chickens than the soft 
variety, Beaver! Differences in broiler weight gain between hard and soft 
UK wheat varieties had been reported by Rose et al (1992), who found a 
9% difference between the means of the wheat samples, when grouped by 
endosperm textuie characteristics (these vaiieties included Dean and 
Beaver). Further research following on from their studies was conducted 
by Bonnet (1994), who found a 10% increase in weight gain (p>0.05) and 
feed conversion efficiency (the inverse of FCR) (p<0.05) in broiler chicks 
fed the variety Riband compared to those fed Haven, although Riband 
was the marginally softer variety. These results suggested the reverse 
relationship to that put forward by Rose et al. (1992). No measurements 
of starch content, quahty or availabihty for digestion were made during 
their studies, so any relationship between these parameters and broiler 
growth could not be evaluated.
Similar growth and feeding efficiency differences were recorded 
during the experiments using 33 Canadian wheat samples conducted by 
March and Biely (1973), who found that feed wheat varieties could be
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ranked according to broiler productive performance. One variety, Pitic, 
was identified as the nutritionally poorest sample, with significantly 
poorer weight gains and feed conversion efficiency when compared to the 
mean of all tlie other samples studied.
According to the small amount of pubhshed work concerning the 
effect of climate and harvest year on the nutritional value of wheat for 
broilers, deterioration in the nutritive value of the wheats over the three 
harvests was probably attributable to a decline in weather conditions. 
Wiseman (1990) outlined how poor weather conditionc during final grain 
filling stages and harvest often lead to reduction in the nutritional quality 
of feed wheat, which is often reflected in the production efficiency of 
broiler chicks. In their wheat composition and growth experiments. Rose 
et al. (1992) noted that weather differences due to growing season altered 
the productive response of broiler chicks and the HFN (which is possibly 
related to g. ihn"filling (Wiseman, 1990)) of the wheat variety samples.
The AMEn values reported on a dry matter basis were in a range 
similar to values reported by Mollah et al. (1983) and Rose et al. (1992). 
Rose et al. (1992) recorded lower AMEn values for Dean and Beaver 
than obtained in this tri^, but reported significant varietal differences. No
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differences in determined AME value, however, were found by Rogel et 
ai (1987) , Wiseman (1990) or Sal ah Uddin et al. (1996). The variation 
in significance and magnitude of AMEn values for Dean and Beaver 
between this experiment and those previously conducted by Rose et al.
(1992) supported the recently expressed argument that the ME values for 
samples of feed wheat are highly variable and difficult to quantify 
consistently (Mollah et a i,  1983; Nichol et a i, 1993; Wiseman et a/., 
1994; McNab, 1990, 1995 and Rose & Bedford 1995). It has also been 
observed that both AME and TME do not relate to broiler performance 
when compared directly from data within the same grov^th trial (Rose & 
Bedford, 1995).
The TME values were comparable to the ranges recorded by 
McNab (1991) for 17 UK wheat varieties, and Sibbald (1977) for 39 
Canadian wheat samples. The"Mbsence of significant differences in TME 
values between the wheat varieties agreed vrith the reported.'^.ÆE results 
reported by Longstaff and McNab (1986). Their work included an 
investigation into digestibihty and ME values of six wheat varieties from 
different growing sites. They found that the TMEn values, expressed on 
a dry matter basis, for the six varieties showed no significant variation. 
There were, however, differences in carbohydrate content due to wheat
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variety and growing site that were not reflected in TMEn value. No data 
regarding the performance of broilers fed these varieties was included in 
the report, so the effects of carbohydrate content on nutritional value 
could not be evaluated.
In 1991, McNab examined possible factors affecting the nutritive 
value of wheat (expressed as TME value), and the influence of wheat 
variety or environmental conditions (grow ing year and site) on such  
factors. He found no differences in TMEn, when expressed on a dry 
matter basis, between the wheat samples. He could not identify any 
causal factor that was directly related to differences between wheat 
varieties and nutritional content. More interestingly, McNab (1991) also 
could not detect a significant difference in the TME value for the variety 
Slejpner, which had been widely reported from commercial sources to 
result m poor broiler feeding and growth efficiency in comparison with 
E other varieties.
Recent work presented by McNab (1996) showed that TME values 
for the same wheat samples varied between experiments and laboratories. 
He concluded from this that variation in determined ME values for wheat 
does not explain nutritional differences. It appeared that TME values
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differed between wheat samples for unknown reasons and by unknown 
mechanisms, which may or may not have been related to the digestion 
characteristics or other nutrient quahty of the sample. From this work it 
was hypothesised that detection of significant differences in the feeding 
quality expressed as TME between groups of wheat samples could be 
inconsistent and unreliable. Certainly the use of TME values, derived 
from adult birds, may not seem directly applicable as a nutritional value 
required for use in very young, fast growing broiler clucks. The main 
reasons for this have been identified as the large differences in the 
digestive physiology, endogenous enzyme production, metabolism and 
partitioning of dietary energy for growth and maintenance between these 
two groups of chickens (Bedford, 1995). In the case of this experiment, 
however, it would appear that AMEn and TMEn values may be related to 
each other, as a significant correlation was found between these two 
values (table 4.3). This was to be expected as the TMEn method was 
derived from and is therefore strongly related 1% the AMEn method 
(Sibbald, 1985).
The lack of significant differences between any of the TME values 
due to wheat variety and year in our experiment indicated that TME could
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not be used as a method of determining the nutritive value of.the wheat 
varieties Dean and Beaver for growing broiler chickens.
The strong relationsliip between weight gain and feed intake showed 
that increased feed intake was largely responsible for the increases in 
growth between broilers fed the six diets. Since, in addition to this, FCR 
was related to weight gain, but not feed intake, the results suggest that 
nutrient availability to the animal was not dictated purely by volume of 
feed, but could be linked to digestibility of the diet.
The absence of a relationsliip between the determined AMEn or 
TMEn and the weight gain, feed intake and FCR of the broiler chicks 
indicated that ME was not a method that could be applied to indicate the 
true nutritive value of these wheat samples in complete poultry diets. 
There may be a number of reasons why ME does not account for 
variation in feed quahty. Methodology for Jhe determination of ME 
assumes that energy loss, in the form of body heat and respiratory losses, 
remains constant between individual birds (McDonald et a l 1981). No 
account is made for the proportion of hind-gut fermentation occurring and 
the amount of dietary energy lost to support the caecal microflora 
colonies (Rose & Bedford, 1995), or for differences in the metabolic
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efficiencies of the fermentation products. The host bird will utilise 
volatile fatty acids evolved from fermentation in different ways depending 
upon their molecular complexities(McDonald et a l \9^\).
The majority of the research published regarding nutritive value of 
feed has been concerned with attempts to find a laboratory method that 
can be used to predict the AME of broiler feed (Mollah, 1983; Carré, 
1990; Campbell et al., 1985; Wiseman, 1990; Wiseman et al., 1993). 
The relationship between cereal composition and broiler growth has yet 
to be quantified.
Values for wheat dry matter did not show sufficient variation 
between samples to be used as an estimate of nutritional value despite the 
relationship found linking broiler growth and wheat dry matter content. 
Those wheats with the lowest dry matter did however give the highest 
weight gains and feed intakes, and the most efficient conversion of feed 
to w e i^ t gain. Protein content was the most statistically different 
chemical component between the six wheat samples. However, these 
variations were not linked to broiler growth differences, suggesting that 
the levels of protein in the diet were all adequate for broiler growth 
requirements, and additional protein supply gave no frirther improvement
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in performance. These findings support those of Rose et al. (1992) who 
also investigated chemical composition during their work on the feeding 
quality of six UK wheat varieties (including Dean and Beaver), and found 
no significant relationship between wheat composition and broiler 
performance.
The significant relationsliips between broiler weight gain and 
specific gravity were possibly indicative of the amount of available starch 
in proportion to bran, as larger, better filled grains (such as Dean) may be 
considered to contain more starch in relation to bran than small, shrivelled 
grains. If this was the case, then the diets formulated with the better filled 
grains could contain proportionally more starch in a readily digestible 
form (Wiseman, 1990), which would be available to the birds for growth 
when broken down to glucose by digestive processes. As there was no 
correlation between specific gravity and AMEn value, it had to be 
assumed that there were other ^ factors (see section 1.5.3. (iii)) which 
masked any differences in digestibility that should have been 
correspondingly observed in AMEn (Wiseman & Inborr, 1990; Rose et 
al, 1992; Wiseman, 1992; McNab, 1996; Rose & Bedford, 1995). It 
may also further support the theory that AMEn values are too variable to 
detect such differences (Annison & Johnson, 1989; Annison, 1993). The
128
significant relationsliip between HFN and FCR signified that wheats with 
liigher HFN were more efficiently utilised by broilers when fed as 
complete diets. Tliis effect could possibly be a result of the liigher HFN 
wheats solubilising more quickly within the gut of the broiler, as HFN 
may be considered as an indicator of level of starch gélatinisation 
(Hagberg 1960, 1961). The liberated soluble starch would therefore have 
been more readily available for enzymic attack, and therefore more 
efficiently digested and assimilated by the bird.
altüougn mgmy sigmncant, were rar too smaii ivo) to account lor 
major differences in bird weight gain (>10%). This is despite
The differences in free glucose between the wheat samples, 
h h hi hl nifi f ll (< 1 % f the
the
significant relationship found between wheat fi’ee glucose and both broiler 
weight gain and feed intake. Tlie response to fi*ee glucose suggested that 
this could have been related to the similar response observed for Hagberg 
falling number and broiler FCR, in that the amount of fi-ee glucose could 
indicate a nutritional quality difference (improved HFN), even though it 
was not responsible for that difference (Best & Muller, 1991; Gruppen, 
1996), The lack of any relationships between bird growth and total starch 
were unexpected, since there was a relationship noted between weight
129
gain and specific gravity, the latter being considered a measure of the 
‘grain fill’, i.e. starch packed into the endosperm.
No relationship was foimd between the AM:AP ratio and any of the 
broiler growth characteristics, even though the chemical composition of 
the starch varied significantly between the two varieties. The higher 
levels of amylose present in Beaver therefore could not have been 
inhibiting digestion within the gut (Behall e.t ai, 1989; Aman & Graham, 
1990).
There were no significant differences in NSP content between the 
wheat varieties, and correspondingly no correlation between any NSP 
fi’action aiid the growth of the broilers. Choct & Annison (1992) and 
Annison (1993) had reported a close correlation between NSP and 
reduced broiler weight gain and feed utilisation for broiler chicks fed 
Austrahan v'heat. However Wiseman & Inborr (1990) had previously 
commented that only cereals with high levels of NSP appeared to 
influence broiler growth. Annison (1990) and Nichol et al. (1993) both 
reported that NSP was not related to the apparent digestibility of wheat 
starch. However the effects on broiler weight gain and FCR were not 
reported, therefore it was only possible to speculate that there was no
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relationship between NSP and bird performance for their experiments. 
Soluble NSP has been identified with reduced AME values (Annison, 
1993), however when the data from our trial was examined, no significant 
relationship between the soluble NSP fraction and determined AMEn was 
found (r=-0.730, 4DF, p>0.05). This was thought to be due to the lack of 
significant variety differences for these parameters, as well as the 
possible variability of AME values for wheat diets (Rogel et a l, 1987; 
Armison & Johnson, 1989; Wiseman & Inborr, 1990; Annison, 1993) and 
the relatively low levels of NSP in UK wheat ( McNab, 1993).
£ Jth. ---
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4.2 NUTRITIONAL COMPARISON AND DIGESTA VISCOSITY 
OF DEAN AND BEAVER OVER WHOLE BROILER GROWING 
PERIOD
4.2.1. Objectives
The main objective of this experiment was to determine whether 
differences in broiler growth or performance, when fed Dean or Beaver 
from different harvest years, were consistent over three different ages that 
encompassed a typical commercial growing period of broilers. The 
second objective was to investigate if there were digesta viscosity 
differences due to variety and whether this was related to productive 
performance.
4.2.2. Treatments
Æ/!>
Dean and Beaver from 1991 and 1992 only were used in this 
experiment, due to diminished availabihty of samples of the varieties 
harvested in 1990. The diets were formulated as described in section 2.2, 
using the wheat samples at 700 g/kg wheat inclusion.
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4.2.3. Productive Performance And Digesta Viscosity Protocol
a-
Two hundred and eighty eight male broiler cliicks were reared on 
conventional broiler starter diets and kept in a htter-floor pen imtil 7 days 
old, with an average body weight of 0.154 kg per bird. Ninety six of 
these birds were housed in pairs in 48 cages, measuring 0.3m x 0.3m x
0.3m, with a floor mesh size of 1.5 cm x 1.5 cm. Diets were allocated to 
cages according to a randomised block design. The cages were arranged 
in four tiers, with three diet replicates per tier. The birds had ad libitum 
access to feed and water, supplied from vessels measuring 11 cm x 11 
cm and 10 cm x 8 cm respectively, attached to the outside of the cages. 
The house was maintained at a controlled ambient temperature, starting at 
30°C and declining to 25°C over the 14 day experimental feeding period, 
with a 23.5 hour lighting regime. The remaining 192 birds were 
maintained in the litter-floor pen and fed an ad libitum diet identical to 
the experimental diet except that the wheat used was commercial feed 
wheat obtained from the Harper Adams feed mill. During the 14 day 
experimental feeding period, weight gains and feed intakes per cage were 
measured. Faeces were collected on the last four days of the experiment 
and AMEn values were calculated.
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The next 96 birds were then randomly selected from the original 
flock, paired and transferred to the same cages and the experiment 
repeated to give data for birds aged 21-35 days old (0.710 kg average 
weight per bird at 21 days old). The final 96 birds used in the 35-49 day 
old experiment (1.510 kg average weight per bird at 35 days old), and 
were treated in the same way as the previous two groups of birds. 
However, because of tlieir size and the necessity of housing birds in pairs, 
they were placed in larger cages, measuring 0.4m x 0.4m x 0.4m, with a 
2.5 cm X 2.5 cm floor mesh. The birds used in the 21-35 day old and 35- 
49 day old experiments were housed at a constant temperature of 25 °C.
The digesta viscosity of the birds was measured, according to a 
method devised by Finnfeeds International Ltd., on the last day of the 14 
day feeding period of each of the three experiments. Each bird was killed 
by cervical dislocation and dissected, and ^ le  portion of the small 
intestine from the end of the duodenal loop to the Merckels Diverticulum 
(the vestigial yolk sack) was removed. The contents of the gut section 
were expelled into a cup, thoroughly mixed and transferred into two 
eppendorf 2 ml micro-centrifuge tubes, which were immediately spun in a 
micro-centrifuge at 3000 rpm for three minutes in order to isolate the
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liquid portion of the digesta. The viscosity of a 0.5 ml aliquot taken 
from the liquid portion in each of the tubes was then measured using a 
Brookfield digital viscometer, to give two digesta viscosity measurements 
per bird replicate.
4.2.4. Statistical Analysis
Each age group of broilers gave feeding efficiency and growth 
results characteristic of the maturity of the birds. Tliis data could not be 
directly compared due to differences in the variance between the 
measurements within the different age groups (as confirmed by Bartletts 
test of Homogeneity (Cochran & Cox 1957)). This necessitated the 
transformation of all the data into values that were directly comparable,
i.e. of similar SEM (Mead & Cumow, 1983), in order to meet the 
assumptions of the analysis of variance procedure. Tlie weight gain, feed 
intake and FCR results were transformed by expressing each data point as 
a percentage of the published Cobb 1995 average values for that 
parameter at that age (table 4.6). Each experimental data point was 
divided by its corresponding Cobb value (for FCR the Cobb value was 
divided by the experimental data, due to the inverse nature of the 
relationship between FCR and broiler growth), and then multiphed by
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100. It was not necessary to transform the AMEn and foregiit digesta 
viscosity data because their SEMs were not changed by the age of the 
broiler. The results of the whole growing period were statistically 
analysed as an analysis of variance, with bird age, wheat variety and 
harvest year used as treatments, and blocked for diet rephcates.
TABLE 4.6. COBB AVERAGE GROWTH PERFORMANCE OF
BROILERS USED FOR TRANSFORMING THE
EXPERIMENTAL DATA
Broiler age 
(days old)
Weight gain 
(kg/bird)
Feed Intake 
(kg/bird)
FCR
(kg/kg)
7 - 21 0.640 0.952 1.36
21-35 0.929 1.742 1.63
35- 49 0.995 2.383 1.91
(Cobb 500 Broiler Performance, 1995.)
4.2.5. Results
The results are displayed in table 4.7 and graph 4.4 below. There 
were significant varietal differences m the productive performance of the 
broiler chickens aged from 7-49 days old. Broilers fed Dean, on average, 
had 9% higher weight gains (p<0.001) and 5% higher
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TABLE 4.7. PRODUCTIVE PERFORMANCE AND DIGESTA 
VISCOSITY FOR BROILERS FED DEAN OR BEAVER WHEAT 
SAMPLES HARVESTED IN 1991 OR 1992 OVER A TYPICAL
COMMERCIAL GROWING PERIOD
Variety / Year Weight gain 
(% Cobb)
Food Intake 
(% Cobb)
FCR 
(% Cobb)
AMEn DM 
(MJ/kg)
Viscosity
(cP)
7-21 days old
Beaver 1991 90.85 94.81 87.54 12.50 10.19
1992 83.20 87.33 87.05 13.16 10.70
Mean 87.02 91.07 87.29 12.83 10.45
Dean 1991 96.69 97.77 90.42 12.04 7.59
1992 86.76 88.81 89.24 13.29 9.64
Mean .91.73 93.29 89.83 12.66 8.61
21-35 days old
Beaver 1991 62.12 70.34 75.92 L '12 9.07
1992 58.94 65.17 77.65 13.58 5.77
Mean 60.53 67.76 76.78 13.75 7.42
Dean 1991 63.38 69.28 79.14 13.44 6.58
1992 72.85 72.65 86.89 13.57 6.10
Mean 68.12 70.96 83.02 13.50 6.34
35-49 days old
Beaver 1991 75.40 73.56 81.71 13.58 8.84
1992 69.70 69.22 79.71 13.27 8.42
Mean 72.55 71.39 80.71 13.43 8.63
Dean . 1991 80.86 77.80 82.57 13.59 7.96
1992 80.43 75.16 86.53 13.45 8.41
Mean 80.64 76.48 84.55 13.52 8.18
SEM:
age 1.529*** 0.913*** 1.338** 0.069*** 0.369**
variety 1.249*** 0.745** 1.092** 0.056 0.301*
year 1.249 0.745*** 1.092 0.056* 0.301
age X variety 2.163 1.291 1.892 0.097 0.522
age X year 2.163 1.291* 1.892 0.097*** 0.522*
variety x year 1.766 1.054 1.545 0.079* 0.426
age X var. x year 3.059 1.825 2.675 0.137 0.738
Residual DF 108 108 108 118 118
*p<0.05; **p<0.01; ***p<0.001
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feed intakes (p<0.01) than those fed Beaver. Feed conversion ratio for 
Dean was 5% lower than Beaver (p<0.01) indicating improved feed 
efficiency for birds fed the former diets. The digesta viscosity of birds 
fed Dean was 11% lower (p<0.05) than those fed Beaver-based diets 
over all three age groups. AMEn was not affected by wheat variety.
The age of the broiler had a significant impact on its weight gain, 
feed intake (p<0.001) and FCR (p<0.01), and there were no age x variety 
interactions. The youngest age group (7-21 day old birds) ate and grew 
proportionally more than the older birds and were ^nore efficient at 
converting Dean diets into tissue growth.
Differences between harvest year were seen in feed intake 
(p<0.001) and AMEn (p<0.05). The 1991 samples, on average, gave 
higher feed intakes than those harvested in 1992. There was a significant 
interaction bUïWeen year means within the age groups (p<0.05) for feed 
intake values, which was due to the large significant difference between 
harvest year means in feed intake values altering in magnitude over the 
three age groups The significant variation in AMEn between harvest 
years was probably due to the decrease in value for samples of Dean fi’om 
1991 in contrast to the means for the other three wheat samples (Beaver
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1991 and Dean and Beaver 1992). AMEn values were also affected by 
the age of the bird (p<0.001), in that the values increased over the 7-35 
day old broiler growing period. There were significant variations in 
AMEn value between harvest year means within age groups and between 
variety means within harvest years (age x year interaction, p<0.001; 
variety x year, p<0.05). However there were no overall differences 
(p>0.05) between the varieties Dean and Beaver.
The birds fed Dean-based diets had lower digesta viscosities over 
all three ages when compared to those fed Beaver. Although there was 
no significant interaction (p>0.Q5) between bird age and variety for 
viscosity, the magnitude of the numeric differences between the variety 
means declined with bird age. The youngest birds showed the largest 
differences (21%) between varieties in terms of digesta viscosity, 
whereas the 21-35 day old broilers showed a 17% difference, and the 
oldest bird group showed a 6% difference. An interactic^'between 
harvest year means within age groups was observed in viscosity 
measurements, suggesting that the environmental effects on wheat 
composition caused a response in foregut viscosity that was determined 
by the age of the bird.
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Bedford and Classen (1992) examined wheat and rye based diets 
with a wide range of viscosities in cliicken foregiits, and, from their 
experiments, found a logarithmic relationship between tlie viscosity and 
FCR of broilers at 21 days old. The same regression analysis was 
therefore performed on the data from this experiment. Tliere was no 
significant relationship between the logarithm of the viscosity and the 
FCR in this case, either for the youngest broilers (r=0.194 with 46 DF for 
7-21 days old birds) or over all three groups (r=0.084 with 137 DF for 7- 
49 days old birds).
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4.2.6. Discussion
«y
The results of this experiment indicated that productive performance 
and digesta viscosity differences due to wheat variety were present over 
the whole growing period of the broiler chickens (7-49 days). The 
experimental results for broder productive performance were consistently 
lower than the published Cobb values. The effects of harvest year on tlie 
results of this experiment w ere different to those in the previous feeding  
experiments, because wheat samples from only 1991 and 1992 were 
used. These harvest years gave increasingly poorer grain filling, and 
were both determined as nutritionally poorer than the 1990 wheat samples 
in the previous animal growth experiment. The differences in growth and 
feeding efficiency of the birds were much less between the 1991 and 
1992 samples.
There were no age x variety interactions for wêîght gain, feed intake 
or FCR of the broiler chickens. This demonstrated that the nutritional 
differences between the two wheat varieties. Dean and Beaver, were not 
dependant on bird age, with Demi giving better broiler performance 
compared to Beaver in each age group. This is of significant commercial 
importance as older broilers account for the majority of feed costs in
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broiler production, and therefore any improvements in tlie efficiency of 
feed utilisation (FCR) represents a saving for broiler growers.
There is very little pubhshed information regarding the effect of 
cereal nutritional quality on broiler productive performance at any age, let 
alone at different bird ages. Most of the research has concentrated upon 
the effects of gut maturation on digestive processes. Pettersson & Aman 
(1989) found that unpiovem euts seen in broiler productive performance 
due to the addition of exogenous enzyme to the diet lessened as the birds 
grew older. The percent.?; '^!  ^ in performance due to enzyme
was halved in broilers aged 27 days compared with the performance of 15 
day old birds. Bedford (1995) commented that, although growth rate has 
yet to be shown to be directly linked to gut maturity, it would be logical 
to expect the anti-nutritive effects of viscous grain such as barley and 
wheat to decline as the animal’s gut developed. The mature gut appears 
to be more efficient at breaking down the vilcous NSP content of its 
food, which is manifested in improved nutrient availability and uptake. 
Bedford added that it could take several weeks of growth before 
pancreatic enzyme production was at such a level whereby growth rate 
reached a maximum and was no longer constrained by poor gut 
efficiency. These theories support the occurrence of a decline in the
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differences in digesta viscosity between the two wheat varieties seen 
during tliis experiment over bird age. It was speculated from the 
experimental results that, as the bird matured it became more adept at 
breaking down the viscous elements in its diet, resulting in a reduction m 
the significant differences observed for viscosity between the wheat 
varieties over time. This hypothesis was suggested by the findings of 
Rogel et a l (1987) who measured the in vivo digestibility of Australian 
wheat sam ples, and reported that digestibility of wheat starch improved 
with broiler age.
The lack of any significant logarithmic relationship between 
viscosity and FCR was probably as a consequence of the limited range in 
viscosity observed in this experiment. In their investigations, in which 
this relationship was found to be significant, Bedford and Classen (1992) 
had a far larger range of viscosity and broiler performance data, their 
experiments using wheat and rye diets producing viscosity readings in 
the range 5 to 300 cP.
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5. INVESTIGATION INTO STARCH DIGESTIBILITY
5.1. IN VIVO DIGESTIBILITY
5.1.1. Objectives
The objective of the experiment was to investigate whether 
differences in digestibility between the varieties D ean and Beaver could 
be detected in samples of feed taken from the gut of chickens during the 
natural dige^ ^^ ’^ e^ process. Tlie value of these experimental results as an 
indicator of digestive efficiency, and for identifying those features that 
could be adapted for use as possible methods of assessing the true 
nutritional quality of the wheat samples were examined.
5.1.2. Treatments
The small amounts of Dean and Beaver remaining from the 1990 
harvest after the feeding trial (section 4.1) were used in this experiment. 
They were fed at 700 g/kg inclusion in complete broiler rations 
formulated to the same specification as in the previous broiler 
groAvth trials (section 2.2). Only two samples, one of each wheat variety.
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were used in order to maximise bird replicates during the trial, whilst still 
keeping the amount of sample collection, preparation and analysis to a 
manageable level. The variety samples from 1990 had previously shown 
the largest differences in broiler growth and performance, and so were 
expected to give the largest, and most easily detectable differences in in 
vivo digestion results. Cliromium oxide (CriOg) was added to the 
finished meal-form diet as a digestibility marker at a level of 1.5 g/kg.
5.1.3. Experimental Protocol
Twenty-four, individually caged, male broiler chickens, aged 14 
days old, were assigned to one of the two diets, giving twelve bird 
replicates for each diet. Tlie birds were fed according to a 12 hour 
restriction pattern, whereby they had ad libitum access to feed from 
troughs in front of the cages for 12 hours per day, followed by 12 hours 
of fasting. The experimental feeding period lasted for seven days.
The birds were housed in cages arranged in four rows; each cage 
was allocated one of the experimental diets according to a randomised 
block design. The cages used in this experiment were those previously 
used in the TME determinations (section 4.1.4). All birds were fed from
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trouglis (measuring 11 cm x 11 cm and attached to the outside of the 
cages) according to a 12 hour restricted feeding pattern. Each row had a 
different feeding regime; row 1 was fed between 7 a.m. and 7 p.m., row 2 
between 8 a.m. and 8 p.m., row 3, 9 a.m. to 9 p.m., and row 4, 10 a.m. to 
10 p.m.. This arrangement was to ensure that, when killed and dissected, 
all the birds would have guts full of feed, and all would have been feedinjg 
for approximately the same length of time (2 hours), despite the time 
differential between killing the first and last bird. A 15 hour lighting 
pattern (7 a.m. to 10 p.m.) was used to fit in with the feeding regime, and 
the broilers had ad libitum access tc water fi*om nippî drinkers at all 
times.
On the final day of feeding, each bird was killed and immediately 
dissected 2 hours after feed had been reintroduced to its particular row. 
The intestines were removed and cut into two sections, A and B as 
described in table 5.1, and tlie contents removed. A sample of fi*esh 
faeces was also taken. The samples of digesta or faeces were labelled, 
fi'eeze-dried, ground in a pestle and mortar and analysed for chromium 
oxide. The samples were also assayed for fi’ee glucose and total starch 
content in order to determine differences between the wheat varieties in 
the levels of available glucose or disappearance of starch in the gut.
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TABLE 5.1. GUT SECTIONS
Sample code Gut section
A Distal duodenal loop to 
Merckels diverticulum
B Merckels diverticulum to 
Caecal junction
C Fresh faeces
5.1.4. Laboratory Analysis
(1) Chromium oxide
The concentration of chromium oxide in each freeze-dried digesta or 
faecal sample was determined by atomic absorption using Thermo- 
Electron Atomic absorption apparatus. The samples were prepared 
according to a method devised by Parker (1990), where initially l.Og of 
freeze-dried faeces were ashed for 12 hours at 550°C. A Kjeltec heating
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block, drilled to a depth of 10 cm and with capacity for 20 digestion 
tubes, was then pre-heated to 150°C. The ashed digesta samples were 
transferred into Kjeltec digestion tubes, 6 ml of phosphoric acid- 
manganese mixture (30 ml of 10% (w/v) MnS0 4 .4 H2 0  solution mixed 
with 11 ml of 85% phosphoric acid) added, and the tube swirled to 
disperse the ash.
The tubes were then placed in the heating block for approximately 
20 minutes, after which they were cooled to less than 100°C before 
adding 3.5 ml of potassium bromate (4.5% w/v). Each tube was then 
returned to the heating block and heated until the mixture had turned 
green, and all the bromine gas (brown vapour) had been driven off, The 
mixture was then cooled, transferred to a 50 ml volumetric flask, made up 
to volume with distilled water and mixed thoroughly by inversion. Ash 
remaining in the sample was allowed to settle out overnight "before the 
s^quid portion was transferred to sample bottles.
The liquid portion was assayed for chromium oxide content by 
atomic absorption using a nitrous oxide flame. The amount of chromium 
recovered was then expressed as a percentage of the original 1.5 g/kg
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inclusion rate in the diet (equation 5.1) to determine the percentage 
digestibility of the diet.
Equation 5.1. Digestibility Calculation.
% Digestion = Recovered Chromium (g/kg) - 1.5 g/kg
Recovered Chromium (g/kg)
(ii) Free glucose and total starch
Free glucose and total starch was measured according to the method 
described in section 3.3.1 and appendix 2.
e-5.1.5. Statistical Analysis ^
The data obtained for digesta and faecal samples were analysed by 
factorial analysis of variance, with wheat variety used as the treatment 
factor.
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5.1.6. Results and Discussion
The results of the in vivo digestibility study are given in table 5.2, 
and displayed in graphs 5.1, 5.2 and 5.3 below. There were no
significant differences between Dean and Beaver for any of the 
parameters. The results for dry matter digestibihty fi-om the chromium 
oxide analysis were all very similar and within the range 81.8 - 99.9 % 
reported by other workers (Rogel et ai, 1987; Annison, 1990, McNab, 
1993; Nichol et ai, 1993), and the statistical analysis showed that there 
were no gross d i g e s t i b i h t ) b e ^ v e e n  the two diets.
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TABLE 5.2. BROILER IN  VIVO DIGESTION OF DEAN AND
BEAVER WHEAT SAMPLES HARVESTED IN 1990
Wheat sample Gut
section
Dry Matter 
Digestibility 
(%)
Free glucose 
(g/kg)
Total starch 
(g/kg)
Beaver 1990 A 89.9 46.6 191
B 94.0 12.6 60.9
C 95.5 8.3 61.9
Dean 1990 A 90.8 53.3 238
B 94.3 11.0 50.7
C 94.9 3.3 65.5
SEM Variety (gut section A) 1.20 3.73 24.00
SEM Variety (gut section B) 0.44 1.16 5.73
SEM Variety (gut section C) 0.37 2.38 13.21
Residual DF 5 3 3
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The variation between the replicate birds for both free glucose and 
total starch measurement for each diet was very liigli (CV=100% and 
77% respectively for Dean and Beaver grand means), and there were 
many missing values in the dataset (6 missing values for the dry matter 
digestibility data, and 12 missing values for the free glucose and total 
starch data) due to insufficient sample volume, so any differences that 
may have existed were extremely difficult to detect. High variabihty in 
digestibility data recorded for young broilers has been reported by other 
researchers (Rogel et al, 1987; Wiseman & Inborr, 1990; McNab, 1993), 
and has been especially associated with wheat diets.
Examination of the mean values of these measurements in the three 
gut sections did show some numeric differences (p>0.05) that might have 
suggested digestibility differences between the two wheat samples. Birds 
fed the Dean-based diets had numerically higher mean levels of free 
glucose in gut section A (proximal ileum) than Beaver (graph "J72), even 
though previous laboratory analysis had shown that samples of Dean had 
less free glucose than Beaver. Beaver digesta samples had more free 
glucose in sections B (distal ileum) and C (faecal material) than Dean. 
These observations suggested that the starch present in Dean tended to 
have been digested earher and faster than that from Beaver resulting in
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higher amounts of free glucose in the upper part of the ileum. This was 
supported by the results from the total starch analysis of the gut contents, 
where proportionally more starch from the Dean sample tended to 
disappear between gut sections A and B than did from the Beaver 
samples (graph 5.3). The higher levels of undigested starch present in the 
lower ileum for birds fed Beaver could have resulted in an increase in 
hind gut fermentation by caecal micro-organisms (Rogel et al, 1987; 
Rose & Bedford, 1995). Hind gut fermentation and the corresponding 
release of nutrients is not as efficient as the digestive processes of the 
host, since it produces metabolites with different energetic characteristics 
to that of glucose (McDonald et al, 1981). These compounds are more 
difficult for the host to absorb and utihse compared to glucose, and are 
strongly competed for by the bacteria that produced them (Bedford, 
1995), two factors which may have affected the efficiency of nutrient 
assimilation and, thence, broiler growth.
The majority of the starch had been digested (68% for Beaver and 
79% Dean) by the time the digesta had reached the distal ileum (gut 
section B). The broilers also excreted some starch, an occurrence that 
had been previously been recorded in young broilers by McNab (1993). 
It was interesting to note that the starch content of the faeces (C) was
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sliglitly liigher than of the contents of the distal ileum (B), and this was 
attributed to the concentration of remaining undigested nutrients by 
removal of water, electrolytes, vitamins and volatile compounds from the 
faecal material in the lower gut (Larbier & Leclercq, 1994).
Variation between individual animals appears to have been of such a 
magnitude that a large number of animal replicates would have been 
needed to generate data that gave good statistical sample sizes for 
detection of differences. The method of digesta sample collection, which 
was not controîîr.ble even by the employment of the restricted feeding, 
and resulted in many missing digesta samples, also required improvement. 
Broilers tend to eat in a pattern of small, distinct, meals, and, even though 
precautions were taken to try to ensure uniform gut contents, there were 
visible differences in gut fill between individual animals. Finally, no 
allowance could be made for reverse peristalsis between the duodenum 
^and gizzard, whereby digesta is sometimes moved l5ack into the gizzard 
after it has passed into the duodenum. This action prolongs and increases 
digestion of feed, and would have varied between birds.
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It was evident from the experiment that another, more controllable 
laboratory based method of assessing the carbohydrate digestion and 
glucose availability from the two varieties was needed.
A*
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5.2. IN VITRO RATE OF STARCH DIGESTION
5.2.1. Objectives
The objective of the experiment was to measure starch digestion by 
a more controllable in mtro method. The starch digestion characteristics 
of both wheat varieties. Dean and Beaver, from the three harvest years 
were determined using a laboratory method that simulated monogastric 
digestion. The rate of digestion was determined by measuring the rate of 
production of glucose from the wheat sample. Relationshios between 
these measurements and the productive performance of the broiler 
chickens from the first growth experiment were examined.
5.2.2. M aterials And Methods
A laboratory model of in vitro monogastric carbohydrate digestion 
(Englyst et a i, 1992) was adapted and used to determine the rate of 
carbohydrate digestion in each of the six wheat samples (summarised in 
appendix 4). Approximately 0.8 g of milled sample was weighed into a 
50 ml screw-top plastic tube and 50 mg of guar gum added. 10 ml of HCl 
containing 50 mg of pepsin (EC 3.4.23.1. Sigma cat. no. P-7000) in
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solution was added to each tube, and vortex mixed thoroughly. The tubes 
were incubated in a water bath at 37°C for 30 minutes, during which time 
the carbohydrate enzyme solution was prepared.
To prepare sufficient enzyme for 24 samples and standards, 3 g of 
pancreatin (Pancrex V, Paines & Byrne, Greenford, Middx) was weighed 
into each of eight plastic centrifuge tubes. Each portion was suspended in 
20 ml of distilled water using a vortex mixer, and magnetically stirred for 
10 minutes. Each tube was centrifuged at 1500 g for 10 minutes and 13.5 
ml of the cl. ly  supernatant removed into a flask containing 12 ml of 
amyloglucosidase solution (140 AGU/ml from 400 AGU/ml stock 
solution. EC 3.2.1.3, Novo Biolabs) and 8 ml of invertase (EC 3.2.1.26, 
3000 EU/ml. BDH cat. no. 39020) and well mixed.
The samples were removed from the water bath and 5 glass marbles
St'
(1 cm in diameter), along with 10 ml of 0.25M sodiiun acetate, were 
added to each tube, which was shaken to disperse the contents. The 
tubes were replaced in the water bath at 37°C to equilibrate. The tubes 
were then removed from water bath one at a time, at 30 second intervals, 
and 5 ml of the carbohydrate enzyme mixture added. Tlie tube was then 
immediately replaced in the bath, secured in a horizontal position, and
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shaken at 160 strokes per minute, with a stroke length of 35 mm, so that 
the marbles moved freely back and forth within the tube to simulate the 
churning and peristaltic action of the gut. After each tube had been 
incubated for 15 minutes, 0.5 ml of the contents was removed into 
another tube containing 20 ml 66% ethanol and mixed well, which 
quenched the enzyme activity, preventing further digestion of starch. 
The tube containing the mixture was returned immediately to the water 
bath. This procedure was repeated at 30, 45, 60 and 120 minutes of 
incubation. The quenched portions were centrifuged at low speed for 5 
minutes .-nd the amount of glucose present each portion Wc. ■ measured 
colorimetrically.
The amount of glucose present in the prepared portions was 
determined using a GOD-PAP glucose testing kit. 100 pi from each 
sample, blank or standard was pipetted into a test tube. To this, 2 ml of 
the GOD-PAP reagent was added and the tubes were vortex mixed and 
placed in a 37°C water bath for 20 minutes. The absorbance of the 
standards and samples were measured in a spectrophotometer against the 
reagent blank at 510 run. Glucose, in g/100 g sample, was calculated 
according to equation 5.2 below. The amounts of glucose released into 
solution at each of the five time points (along with the previously
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determined free glucose content of the wheat samples (section 3.3) as the 
amoimt present at 0 min.) were plotted graphically and fitted to an 
exponential curve equation (y=a(l-e‘‘^ )^) whereby y=appearance of 
glucose, a=intersection of curve with y axis, e=exponential, c=rate 
constant and x=time within a program of GENSTAT. The rate constant 
for each wheat sample was calculated for each rephcate analysis and 
statistically compared as a two way analysis of variance, with wheat 
variety and harvest year as treatment factors.
Equation 5.2. Calculation of Glucose Content
% Glucose = At X Vt X C X D xlOO 
As X Wt
Where: At = samples absorbance, Vt ^ total volume, C ^ coiicciiliation of standard 
(25 mg/ml); As = absorbance of standard; Wt = weight of sample (mg); D = dilution 
factor.
The experiment was repeated, but using samples containing 
different proportions of Dean and Beaver, ranging from 100% Dean, 
through 75% Dean and 25% Beaver, 50% of each variety, 25% Dean and 
75% Beaver and 100% Beaver. The rate of starch hydrolysis was 
measured in exactly the same way in order to test whether or not the rate
162
of digestion was governed by any inhibitory factors such as a-amylase 
inhibitors (Snow & O’Dea, 1981; Rogel et ai, 1987; Warchalewski et al, 
1989; McNab, 1993) in the more slowly digested varieties. If this had 
been the case, it would be expected that the rate would have been 
maintained at the lowest level wliilst these factors were present, and then 
suddenly increase to the liigher level when they were removed. Even if 
not completely inhibitory, a more gradual increase would be seen. If the 
rate was purely substrate (starch) dependant, then a linear relationship 
would be expected.
The in vitro rate of digestion results were compared with the broiler 
performance data from the first animal growth experiment by regressioii 
analysis, in order to investigate any relationship between the growth of 
the birds and starch digestion.
5.2.3. Results and Discussion
The results are shown in table 5.3 below. There were large and 
highly significant differences (p<0.001) between the two wheat varieties. 
Dean had a 29% faster rate of in vitro digestion than Beaver over all three 
growing years (graph 5.4). There were no harvest year or-variety x year
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interactions for rate of digestion, therefore these differences were truly 
genotypic, and not controlled by environmental factors. The results of the 
experiment using the different proportions of the varieties (table 5.4), 
when expressed graphically (see graph 5.5) gave a liighly significant 
(p<0.001) linear relationship (r = 0.574, 43 DF), which indicated that the 
rate of digestion was substrate (starch) dependant, and that there were no 
inhibitory factors contributing to the digestion processes. The substrate 
dependency of the in vitro rate of starch digestion was expected as wheat 
a-amylase inhibitors have been found to be inactivated by the heat 
generated du'“ '7  milling (Snow & O’Dea, 1981) and by pepsin (Rogel et 
al, 1987; McNab, 1993).
Regression analysis revealed that there was a trend of correlation 
between the rate of digestion and the broiler productive performance 
determined in the first broiler growth experiment (section 4.1). These 
relationships are shown in graphs S.6, 5.7 and 5.8 below. Rate of starch 
digestion was related to broiler weight gain, with a correlation coefficient 
r=0.808 (p<0.1, 4DF), but not significantly to feed intake or FCR, 
although the graphs indicated that there was a trend between these 
measurements and rate of digestion. Closer investigation revealed highly 
significant linear relationships between the rate of digestion and broiler
168
weight gain (r^O.998, p<0.01), feed intake (r=0.997, p<0.01) and FCR 
(r=0.999, p<0.001) for samples of the variety Beaver, but that there was 
a much more random relationsliip (r=0.776, 0.098 and 0.994, 
respectively; p<0.1, IDF) between these parameters for Dean. This 
suggested that there may be a maximmn rate of hydrolysis, at a rate of 
approximately 34 mg/min, after wliich other factors, such as rate of 
transport of glucose and other absorbable nutrients across the gut 
epithelium, limited the efficiency of assimilation and giow lli m the 
animal. The differences between rate of digestion for Dean and Beaver 
may havv been a consequence of the type of L.iarch present in . 'ch of the 
varieties (Rogel ûf/., 1987). The particle size and amylose.amylopectin 
ratio results indicated that Dean probably contained more A-type starch 
granules than Beaver. This type of starch is thought to be more readily 
solubilised and more digestible by amylases than B- or C-type granules 
(Lund, 1984; Gruppen, 1996), and might account for the improvement in 
digestibihty observed in vitro (Englyst et al, 1992). The relationship 
between the rate of starch digestion and broiler productive performance 
may explain the differences in the nutritional value between UK wheat 
varieties and harvest years, and might have value as a method of 
estimating the nutritive value of wheat for broiler chickens.
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6. USING THE IN  VITRO RATE OF STARCH DIGESTION TO 
ESTIMATE BROILER PRODUCTIVE PERFORMANCE .
6.1. SCREENING WHEAT SAMPLES
6.1.1 Objectives
Tlie objective of the experiment was to investigate the magnitude of 
the variation in in vitro starch digestibility of different wheat varieties 
from different giowmg years.
6.1.2. M aterials And Methods.
The in vitro rates of starch digestion of 16 different samples of pure 
wheat were analysed (see table 6.1). The wheat samples were of the
S3S*<
varieties Apollo, Riband, Slejpner, Haven, Dean, Beaver, Brigadier and 
Rialto from three harvest years, 1992, 1993 and 1994, and grown as 
randomised field plots at Harper Adams Agricultural College. 
Randomised field plot samples were pooled in order to give a 
representative sample of each wheat variety from each growing year. The 
rate constant for each sample was measured in the same way as described
173
in section 5.2. The results were used to identify which harvest year had 
produced variety samples with the largest range of in vitro rate of 
digestion, and it was these samples tliat were used in the broiler 
experiment. Variety samples from different harvest years were not 
chosen, in order to eliminate any environmental influences at this stage.
6.1.3. Statistical Analysis
The results were compared for analysis of variance, with wheat 
sample as the treatment faci .^
6.1.4. Results
The results of the analysis are shown in table 6.1. below. There 
were significant differences (p<0.001) in rate of starch digestion between
tk*-
the 16 wheat samples. It was decided, on the basis of these results, to 
use the wheat samples from 1994 harvest, since these showed a large but 
similar range of in vitro rates of starch digestion to those previously 
measured for Dean and Beaver from 1990,1991 and 1992.
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TABLE 6.1. THE IN  VITRO RATE OF STARCH DIGESTION OF 
16 WHEAT SAMPLES.
Harvest Year Variety Rate of Starch Digestion 
in vitro
1992 Apollo 39.23
Riband 44.50
Slejpner 41.83
Haven 38.42
Range 38.42 -44.50
1993 Dean 50.03
Beaver 40.60
Apollo 34.73
Slejpner 48.90
Riband 39.03
Haven
Range 34.73 - 50.03
1994 Dean 32.95
• Beaver 26.50
Brigadier 39.53
Rialto 30.18
Riband 31.50
Haven 29.08
Range 26.50 - 39.53
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6.2. RELATING THE DETERMINED IN  VITRO RATE OF 
STARCH DIGESTION TO BROILER PERFORMANCE
6.2.1. Objectives
The validity of using the in vitro rate of starch digestion method as a 
determination of nutritive value of the wheat samples for broiler chickens 
was investigated. The main objective of the following experiment was to 
evaluate whether differences in the in vitro rate of starch digestion were 
related to difr. leiices in productive performance when the wheats were 
fed in complete diets to broiler chickens. The second objective was to 
determine the extent of influence of feed form (either meal-form or 
pelleted) on the in vitro rate of starch digestion and on the performance of 
the broilers.
»'
6.2.2. Productive Performance Treatments
Six variety samples - Dean, Beaver, Brigadier, Rialto, Riband and 
Haven - harvested in 1994 were used in the experiment. Diets were 
formulated with 700 g/kg wheat sample inclusion as described in section
2.2. After milling and mixing, the meal diets were divided in two, one of
176
which was cold pelleted, to give 12 diet treatments. Sub-samples of each 
of the diet treatments were taken for in vitro rate of starch digestion 
analysis (section 5.2) to identify effects of pelleting on starch availability 
and digestibility, and for comparison in regression analysis with the 
performance of the broilers.
6.2.3. Productive Performance Protocol
A total of 192 male Ross broiler strain chicks were used in two 
identical c/^periments. Two time replicates to be perfbrmeu lO ensure 
adequate replicate numbers of cages for each diet treatment, as facihties 
were limited to 48 cages each of which could only hold two broilers. At 
the beginning of the experiment a group of 96 one day-old broiler chicks 
were obtained and fed a conventional broiler starter diet and kept in a 
httered floor pen until 7 days old (average weight 0.158 kg per bird). The 
birds were then paired and housed in 48 cages. Tlie cages measured 
0.3m X 0.3m x 0.3m, with a floor mesh size of 1.5 cm x 1.5 cm and 
organised in two blocks. Dietary treatments were allocated to the cages 
according to a randomised block design, with a total of four cage 
replicates per diet for each experiment. The birds were given ad libitum 
access to feed and water from troughs measuring 11 cm x 11 cm and 10
177
cm X 8 cm respectively. They were maintained at a controlled 
temperature, starting at 30°C and declining to 25°C over the experimental 
feeding period, with a 23.5 hour lighting regime. Tlie experiment lasted 
for 14 days, during wliich time weight gain, feed intake and feed 
conversion ratio (FCR) were measured. Half way through the first 
experiment, the next group of 96 one day-old broilers were placed on a 
conventional starter diet, in readiness for the second experiment. At the 
end of the experiment, the next set of 7 day old broiler chicks were 
placed in the cages, and the experiment repeated.
6.2.4. Statistical Analysis
The results of the productive performance trial and the in vitro rate 
of starch digestion of the complete diets were analysed as a factorial 
analysis of variance. Wheat variety and diet form (meal or pellet) were 
designated treatment factors, and the experimental data recorded from the 
broiler chickens blocked by experiment number, cage level and diet 
replicate, and analysed on an average bird per cage (ratlier than an 
individual bird) basis. Rate of starch digestion data was blocked by time 
replicate. Linear regression analysis was performed to ascertain any 
relationships between broiiër performance parameters and in vitro rate of
178
starch digestion, and was also divided by diet form to fiirther investigate 
the differences in these relationships between meal and pelleted diets.
6.2.5. Results
The results of the experiment are displayed in table 6.2 below. 
There were significant differences in weight gain (p<0.05) and in vitro 
rate of starch digestion (p<0.001) between the six wheat varieties studied. 
Tlie rates of digestion were sometimes slightly lower than those recorded 
either in the screening or the previous experiment (section 6.1 and 5.2 
respectively), as the rate was determined upon the whole diet rather than 
the pure wheat samples. There was a large significant interaction 
(p<0.001) between wheat variety and diet form for broiler weight gain 
and in vitro rate of starch digestion, which suggested that the variety 
effects upon these two parameters were influenced by processing. In 
order to investigate how the significant differences between varieties 
altered due to the effects of processing, the meal and pellet data was 
analysed separately to obtain p-values for varietal differences in broiler 
growth and in vitro rate of starch digestion within each diet form. This 
analysis identified whether the significant varietal differences were
179
confined to only one diet form, or whether level of significance altered 
between the two forms.
When the meal diets were analysed in isolation, significant varietal 
differences were observed for broiler weight gain (p<0.01) with the 
variety Brigadier giving the largest broiler weight gains, and Beaver 
giving the smallest. Feed intakes significantly differed (p<0.05) between 
the varieties fed as meal diets, with Brigadier giving highest and Riband 
the lowest results, which indicated that increased feed intake might have 
caused the larger weight gains with Brigadier. There were no significant 
differences between the varieties for FCR, but there were highly 
significant varietal differences for in vitro rate of starch digestion 
(p<0.001), mirroring the weight gain rankings with Brigadier having the 
fastest and Beaver the slowest rates. This indicated that the rate of 
digestion could have been related to the weight gain of the broilers.
There were s i^ fican t variety differences in weight gain for the 
birds fed the pelleted diets, however the level of significance was lower 
(p<0.05) than the differences recorded for the meal diets. Tliere were no 
significant differences between either feed intake or broiler FCR.
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The significance level of the variety differences for pelleted diets in vitro 
rate of starch digestion remained at the same level as for the meal
(p<0.001).
Pelleting the feed had an impact on the broiler weight gain (p<0.01) 
and FCR (p<0.05) for each of the wheat varieties. Tlie interaction 
between variety and diet form (p<0.001) for weight gain manifested itself 
as a change in the ranking of the varieties. In contrast to the results 
obtained fi'om the broiler chicks fed the meal diets, Beaver gave the 
highest, and Rialto the lowtai weigiii gam. The weight gains of the 
broilers fed Dean, Beaver, Riband and Haven all improved when pelleted, 
although those fed Brigadier and Rialto grew less well than those fed the 
same varieties in meal form. The lack of a variety x diet form interaction 
for FCR indicated that pelleting consistently improved broiler feeding 
efficiency.
ft-
Pelleting the diets significantly improved the in vitro rate of starch 
digestion (p<0.001) for all six wheat varieties. The large significant 
(p<0.001) interaction between variety and diet form showed that this 
improvement was not uniform. When the percentage increase in in vitro 
rate of starch digestion was calculated a range of 21 - 37% was seen.
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with Dean having the lowest and Rialto the highest improvement. Haven, 
Riband, Beaver and Brigadier showed 27%, 27%, 29% and 30% 
improvement respectively. Pelleting is a method commonly used to 
improve the digestibility of poultry diets (Larbier & Leclercq, 1994), 
however the extent of this effect appeared to vary with respect to wheat 
variety in this experiment.
Regression analysis was performed on those parameters that 
showed significant differences for wheat variety and diet form, i.e. weight 
gain and rate of starch digestion, to investigate the influencé :. o l thw 
other. Tliere were no significant relationships between broiler 
performance and in vitro rate of starch digestion (r=0.408 for weight 
gain; r=0.315 for feed intake and r=-0.023 for FCR) when all 12 diet 
treatments were compared graphically (graphs 6.1, 6..2 and 6.3). When 
the data was divided by diet form and analysed, a trend (r=0.686; p>0.1) 
was found between the in vitro rate of starch digestion and both broiler 
weight gain and feed intake for meal diets which was not found for die 
pelleted diets (r=-0.310 for weight gain and r=0.099 for feed intake). 
This relationship was, however, due to one outlying value (Brigadier), 
removal of which negated the trend. No significant relationsliip could be 
found between the in vitro rate of starch digestion and FCR (r=0.154 for
183
meal diets and r=0.436 for pelleted diets) even when the data was 
separated by diet form.
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6.2.6. Discussion
The results of the experiment indicated that there were varietal 
differences in both in vitro rate of starch digestion and broiler weight 
gain. The form of the diet significantly influenced the growth and FCR of 
the broilers and the in vitro rate of starch digestion.
The heat generated due to friction during the formation of the pellet 
can raise the temperature of the feed to approximately 70°C, which 
improves starch gélatinisation (Snow & O’Dea, 1981; Rogel et ai, 1987; 
Larbier & Leclercq, 1994). Most likely these effects caused the increase 
in in vitro rate of digestion (Snow & O’Dea, 1981; Rogel et al, 1987; 
McNab, 1993). Certainly the significant improvements recorded overall 
for the pelleted form of the diets in weight gain and FCR indicated that 
the broilers were able to digest and utilise more nutrients from pelleted 
diets.
The varieties that showed â reduction in broiler performance due to 
pelleting, either for weight gain or FCR, may have been due to a number 
of reasons. Heat of processing may gelatinise starch to a level whereby it 
crystallises upon cooling. This crystalline starch is known as retrograded
188
starch and is highly resistant to digestion (Colonna et ai, 1992; Englyst et 
ai, 1992) and may have been the cause of loss of broiler performance 
(McNab, 1993). Heat may also cause increased solubilisation of anti­
nutritive factors (such as NSP) which indirectly interferes with digestion 
by increasing digesta viscosity (McCracken et a l, 1993; Bedford & 
Morgan, 1995) within the digestive tract. Measurements of retrograded 
starch and soluble NSP were not made during this experiment and so no 
conclusions can be drawn for the extent of such changes due to heat. 
Increases in the levels of retrograded starch would have resulted in more 
starch being fermented by the hind gut microflora (Bedford, 1992; 
Annison, 1993). It has been observed that the slower the rate of digestion 
by the bird’s own enzymes, the higher the bacterial activity in the caeca, 
due to increased nutrient availability for fermentation (Bedford 1995). 
Changes in bacterial numbers within the gut, and the less efficient uptake 
and metabohsm of the resulting volatile fatty acids by the broiler could all 
have influenced the performance observed in this experiment.
The most important difference between the results of this 
experiment and the experiment described in section 5.2 was the lack of 
significant differences in FCR between wheat varieties, and the absence of 
significant relationships between rate of starch hydrolysis and broiler
189.
performance. This indicated that the rate of in vitro starch digestion could 
not be used as an accurate predictor of the nutritional quality of wheat for 
growing broiler chickens.
»*■
190
7. GENERAL SUMMARY
The first broiler feeding experiment showed that there were 
differences in weight gain and feed conversion ratio between birds fed the 
two wheat varieties, Dean and Beaver. This confirmed the variety effects 
on broiler growth previously observed by Rose et al. (1993) and Salah 
Uddin et a l (1996). These differences were also evident in the second 
feeding experiment, wliicli demonstrated that variations in the nutritive 
value of the two wheat varieties were consistent over three age groups 
corresponding to the whole growing period of comhiV. 
chickens. Tlie weight gains of the birds fed Dean were 12% and 9% 
greater than Beaver, with a corresponding improvement in FCR of 4% and 
5%, in the first and second feeding experiments respectively. These 
differences amounted to commercially important variations in animal 
growth and feeding efficiency. Harvest year effects were smaller in 
comparison with variety effects, witli only one significant variety x year 
interaction observed for diets formulated with Dean and Beaver from 
1990, 1991 and 1992, as used in the first feeding experiment. All the 
wheat samples used were acceptable in terms of Hagberg falling number 
and specific gravity for feed grade classification in the UK.
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There were no consistent differences in the AMEn or TMEn values 
between the wheat varieties, wliich agreed with the findings of previous 
studies. McNab (1991; 1996) could not determine varietal differences in 
TME value, even for the wheat variety Slejpner that had been identified as 
being of low nutritional quality by commercial broiler growers. Dean 
harvested in 1990 had a particularly high TMEn value, wliich led to a 
significant year effect (p<0.001) and variety x year interaction (p<0.05). 
There were no significant correlations between AMEn or TMEn value and 
broiler weight gain or FCR, which concurred with the observations of 
Rose & Bedford (1995). The chemical composition and quality 
characteristics of the wheat samples were not related to the broiler 
performance, with the exception of a correlation between FCR and HFN, 
as previously observed by Rose et al (1993). Wheat NSP, which had been 
previously related to poor broiler growth (Wiseman & Inborr, 1990; 
Annison, 1993; Wiseman, 1993) was not related to the changes in broiler
Sr-
productive performance in the broiler feeding experiments. The 
relationship between NSP and broiler growth and ME values appears to be 
confined to birds that receive a high (>800 g/kg inclusion) wheat diet 
(Wiseman & Inborr, 1990; McNab, 1993) or wheat samples that exhibit 
low AME characteristics (Annison & Johnson, 1989; Annison, 1993; 
Wiseman, 1993).
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Starch content and availability appeared to be constant between the 
two varieties Dean and Beaver, and as the ME and chemical composition 
of the wheat could not be used to determine nutritive quality, other 
parameters had to be investigated. The relationship between HFN and 
FCR indicated that the solubility of the wheat starch (Hagberg, 1960, 
1961) may have influenced broiler feeding efficiency. It was for this 
reason that the rate of starch digestion characteristics of Dean and Beaver 
were examined.
Wheat is generally considered to be well digested (McNab, 1993; 
Annison, 1990) however in vivo digestibility may be variable (Rogel et al, 
1987; Nichol et ai, 1993). Higher rates of digestion may affect feed 
throughput and hence, feed intake; alternatively, if more starch was 
digested in the proximal rather than the distal ileum, then less would be 
available for hind gut fermentation, resulting in improved feed utilisation.
An in vitro model of monogastric digestion was used to determine 
the rate of starch digestion. There were significant varietal differences 
(p<0.001) in the in vitro rate of starch digestion whereby Dean had a much 
faster rate of digestion than Beaver. These differences were substrate
193
dependant, and were therefore not caused by any inJiibitory factors in the 
wheat. A relationship was found between the in vitro rate of starch 
digestion and broiler weight gain (r=0.808, p<0.1). Closer investigation 
revealed that in vitro rate of starch digestion for samples of the more 
slowly digested variety (Beaver) were linearly related to broiler weight 
gain (r=0.998, p<0.01), feed intake (r=0.997, p<0.01) and FCR (r=0.999,
p<0.001).
Multiple regression analysis of tlie relationship between in vitro rate 
of atarch digestion of Dean and Beaver frcm 1990, 1991 ana Î992 harvest 
years and broiler weight gain from the first feeding experiment was 
conducted (table 7.1). The chemical and carbohydrate composition, 
quality and ME values of the wheat samples were added into the analysis 
model. The only measurement that significantly reduced the residual sum 
of squares was the TMEn value. It was interesting that TMEn, and not 
AMEn, affected the relationship, as this lends further evidence that the 
AME protocol is confounded by feed intake and faecal collection errors 
(McNab, 1993, 1996), endogenous secretions, viscous gut conditions and 
interactions with hind gut microflora (Rose et a l, 1992; Wiseman, 1992; 
McNab, 1996; Rose & Bedford, 1995). These factors may not affect
194
TMEn determinations since the digestive tract is completely cleared out 
during the fasting period, and feed intake is carefully controlled.
There was the possibihty that the differences and correlations 
observed between in vitro rate of starch digestion and broiler growth were 
not causal relationsliips, but merely a consequence of the variety with the 
higher in vitro rate of starch digestion also happening to result in improved 
broiler growth. A final feeding experiment using six wheat varieties from 
a different harvest year (1994) was conducted in order to verify the 
relationship. This experiment also investigated tlit effect of pelleting on 
the varietal differences in broiler performance and in vitro rate of starch 
digestion. The results indicated that there was no relationship between the 
rate of digestion and broiler growth, even though significant varietal 
differences remained for broiler weight gain (p<0.05) and in vitro rate of 
starch digestion (p<0.001). The relationship observed in the earlier 
experiments appeared to have been an anomaly of the two varieties. Dean 
and Beaver. Pelleting the diets caused the broiler weight gain rankings of 
the wheat varieties to change, an effect which was attributed to genotypic 
differences in the degree of retrograded starch formation (Rogel et ai, 
1987; Colonna et a i, 1992; Englyst et ai, 1992; McNab, 1993). Pelleting 
also improved in vitro rate of starch digestion, an effect previously
195
reported by Rogel et al. (1987) using a more crude in vitro analysis of 
starch digestibility. The differences in rate of digestion, along with the 
changes in broiler growth, warrant frirther investigations into the effects of 
processing on digestibility and broiler growth.
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8. GENERAL CONCLUSIONS
(i) A comparison of the nutritional quahty of the two wheat varieties, 
Dean and Beaver, showed that there were significant and commercially 
important differences in weight gain, feed intake and feed conversion 
ratio when they were included at 700 g/kg in diets formulated for 
growing broiler chickens. These differences were continuous over the 
coiiuuei cial gi owuig period of broilers.
(ii) There were significant diif.. c cb ni g. between broiler chickens 
fed wheat samples harvested in 1990, 1991 and 1992, however these 
were small in comparison with the variety effects.
(iii) There were no significant differences in AMEn or TMEn values 
between the varieties Dean and Beaver.
(iv) Dean had a significantly higher Hagberg falling number and specific 
gravity than Beaver; these characteristics were significantly related to 
broiler feed conversion ratio and weight gain respectively.
198
(v) Dean had a significantly faster in vitro rate of starch digestion than 
Beaver, an effect that was found to be substrate dependant and not 
influenced by any inliibitory factors.
(vi) Although multiple regression analysis including both in vitro rate of 
starch digestion and TMEn of the wheat samples explained 87% of the 
variance in broiler weight gains between the three harvest year samples 
of tlie varieties Dean and Beaver, a fuither experim ent with six UK 
wheat varieties grown in 1994 showed no relationship between in vitro 
rate of starch digestion and broiler growth. V
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APPENDIX 1
M E A S U R E M E N T  OF TOTAL (A), SOLUBLE AN D  
IN SO L U B L E  (B) N S P  IN WHEAT S A M P L E S
Sample in duplicate (A and B)
Add 2ml DMSG 
30 min at 100 C
Add 8ml enzyme solution 1 
10 min at 100 C
Add 0.5ml enzyme solution 2 
30 min at 50 C 
10 min at 100 C
Sample A Sample B
Add 40ml ethanol Add 40ml pH 7.0 buffer
30 min at 0 C 30 min at 100 C
Centrifuge. Wash with 85% & 100% ethanol 
Dry with acetone.
Add 5ml 12M H2S04 
1 hour at 35 C
Add 25ml water 
7 hour at 100
Add to 1 ml:
0.1ml glucose solution 
1ml 4M NaOH 
2ml kit colour reagent 
7 5 min at 100 Ç
Add 25ml water
Measure absorbance at 530nm 
Calculate total dietary fibre.
Method devised by Englyst et al, 1992
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APPENDIX 2
M E A S U R E M E N T  OF TOTAL STARCH AND FREE  
G LU C O S E  IN A SAM PLE AS EATEN
0.8 g sample
Add 25 ml 0.1 M acetate buffer, vortex mix.
30 min at 100 C
Cool, vortex. Add 0.2 ml invertase
30 min at 37 C with shaking
Remove 1 ml
Add 0.1 ml Termamyl
15 min at 100 C
Chill. Add 10 ml 7M KOH
30 min at 0 C, shaking.
Take 1 ml into 10 ml 0.5M acetic acid 
Add 0.2 ml amyloglucosidase (50 AGU/ml)
30 min at 70 C
I
10 min at 100 C
Cool, dilute and centrifuge. 
Measure total glucose (TG).
Quench in 2 ml ethanol
Centrifuge
Take 1 ml into 5 ml water
Measure free glucose (FG)
TOTAL STARCH = (TG - FG) X 0.9
Englyst et al, 1992
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APPENDIX 3
MEASUREMENT OF AMYLOSE:AMYLOPECTIN RATIO IN
WHEAT
20 mg milled wheat sample 
(washed in 80% v/v Ethanol 
to remove free sugars and lipids) 
or amylose/amylopectin standard
Dissolve in 5 ml 1M KOH
Add 5 ml distilled H2 O
Remove 1 ml of solution 
Neutralise with 5 ml 0.1 M HOI
Add 0.5 ml Iodine reagent 
(0.2 g iodine in 100 ml 2% w/v Kl)
Make up to 50 m with distilled H2 O
Read absorbance at 7 wavelengths 
(see below) after 15 min.
Jarvis & Walker, 1993
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APPENDIX 4
M E A S U R E M E N T  OF RATE OF STARCH D IG E S TIO N  
IN W H E A T SAM PLES
0.8 g sample 
+ 50 mg guar gum
Add 50 mg pepsin in 10 ml HCI
30 min at 37 C
Add 10 ml 0.25M sodium acetate and 5 ml 
pancreatin/AMG/invertase enzyme mixture
Incubate with shaking at 37 C
After 15 min remove 0.5 ml
After 30 min remove 0.5 ml
After 45 min remove 0.5 ml
After 60 min remove 0.5 ml
After 120 min remove 0.5 ml
Quench in 20 ml 66% ethanol 
Centrifuge
Measure glucose released after 
15, 30. 45, 60 & 120 minutes
Modified from method devised by Englyst et al, 1992 
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